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Conversion Factors

Multiply By To obtain
foot (ft) 0.3048 meter
foot per mile (ft/mi) 0.1894 meter per kilometer
foot per day (ft/d) 0.3048 meter per day
galon (gal/min) 0.003785 cubic meter per minute
million gallons (Mgal) 3,785 cubic meter
million gallons per day (Mgal/d) 0.04381 cubic meter per second
mile (mi) 1.609 kilometer
square mile (mi<) 2.590 square kilometer
inch (in.) 254 millimeter
inch per day (in/d) 254 centimeter per day
inch per year (infyr) 254 centimeter per year

Water temperatureisgiven in degree Celsius (°C), which can be converted to degrees Fahrenheit (°F) by the following
equation:
°F=1.8x°C+ 32

Abbreviations used in water quality descriptions: mg/L, milligrams per liter
nS/em, microsiemen per centimeter at 25° Celsius
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Ground-Water Occurrence and Contribution to

Streamflow, Northeast Maui, Hawalii

By Stephen B. Gingerich
Abstract

The study arealieson the northern flank of the
East Maui Volcano (Haleakala) and covers about
129 square miles between the drainage basins of
Maliko Gulch to the west and Makapipi Stream to
the east. About 989 million gallons per day of rain-
fall and 176 million gallons per day of fog drip
reaches the study area and about 529 million gal-
lons per day enters the ground-water system as
recharge. Average annual ground-water with-
drawal from wellstotals only about 3 million gal-
lons per day; proposed (as of 1998) additional
withdrawal stotal about 18 million gallons per day.
Additionally, tunnels and ditches of an extensive
irrigation network directly intercept at least 10 mil-
lion gallons per day of ground water.

The total amount of average annual stream-
flow in gaged stream subbasins upstream of 1,300
feet altitude is about 255 million gallons per day
and thetotal amount of average annual baseflow is
about 62 million gallons per day. Six major sur-
face-water diversion systemsin the study areahave
diverted an average of 163 million gallons per day
of streamflow (including nearly all base flow of
diverted streams) for irrigation and domestic sup-
ply in central Maui during 1925-97.

Fresh ground water isfound in two main
forms. West of Keanae Valley, ground-water flow
appears to be dominated by avariably saturated
system. A saturated zone in the uppermost rock
unit, the KulaVolcanics, is separated from a fresh-
water lens near sealevel by an unsaturated zonein
the underlying Honomanu Basalt. East of Keanae
Valley, the ground-water system appearsto be
fully saturated above sealevel to atitudes greater
than 2,000 feet.

The total average annual streamflow of gaged
streamswest of Keanae Valley isabout 140 million
gallons per day at 1,200 feet to 1,300 feet altitude.
It is not possible to estimate the total average
annual streamflow at the coast. All of the base flow
measured in the study area west of Keanae Valley
represents ground-water discharge from the high-
elevation saturated zone. Total average daily
ground-water discharge from the high-elevation
saturated zone upstream of 1,200 feet atitudeis
greater than 38 million gallons per day, all of which
iseventually removed from the streams by surface-
water diversion systems. Perennial streamflow has
been measured at altitudes greater than 3,000 feet
in several of the streams. Discharge from the high-
elevation saturated zone is persistent even during
periods of little rainfall.

Thetotal average annual streamflow of the
gaged streams east of Keanae Valley is about 109
million gallons per day at about 1,300 feet altitude.
It is not possible to estimate the total average
annual streamflow at the coast nor at higher alti-
tudes. All of the base flow measured east of Keanae
Valley represents ground-water dischargefromthe
vertically extensive freshwater-lens system. Total
average daily ground-water discharge to gaged
streams upstream of 1,200 feet altitude is about 27
million gallons per day. About 19 million gallons
per day of ground water discharges through the
Kula and Hana V ol canics between about 500 feet
and 1,300 feet atitude in the gaged stream sub-
basins. About 13 million gallons per day of this
dischargeisin Hanawi Stream. The total ground-
water discharge above 500 feet altitude in this part
of the study areais greater than 56 million gallons

per day.
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INTRODUCTION

A growing population and new agricultural users
have increased demand on the existing water-supply
systemsin many areas of theisland of Maui. A potential
source of additional water development isground water
in northeast Maui. The County of Maui Department of
Water Supply has proposed drilling new wells and
using existing wellsto ultimately withdraw 16.5 Mgal/d
(million gallons per day) of ground water from the
Haiku area between Maliko and Kakipi Gulches
(County of Maui Department of Water Supply, 1992)
(fig. 1). Thereisconcern that withdrawing ground water
for domestic and agricultural uses could reduce ground-
water discharge into streams. The State of Hawalii
Water Resources Protection Plan (State of Hawaii,
1990) emphasizes the importance of instream uses of
water and the natural relations between ground-water
and surface-water resources. Sustained streamflow is
necessary for several endangered and threatened native
animal species. Current knowledge of the relation
between surface and ground water in northeast Maui is
limited and a better understanding of the ground-water
flow system is needed for water-resource management
purposes.

In cooperation with the State of Hawaii Commis-
sion on Water Resource Management and the County of
Maui Department of Water Supply, the U.S. Geological
Survey (USGS) investigated the interaction between
ground water and surface water on the north flank of
East Maui Volcano. Historic and new streamflow and
ground-water datawere collected and analyzed to deter-
mine streamflow gains and lossesin selected areas, and
a conceptual model of the ground-water system in the
study areawas formulated.

Purpose and Scope

The purpose of thisreport isto (1) quantify the
ground-water contribution to streams, (2) evaluate the
effects of geologic controls on ground-water/surface-
water interaction, and (3) describe the conceptual model
of ground-water occurrencein northeast Maui. Existing
streamflow data were analyzed to estimate ground-
water discharge into streams. Reconnaissance-level
observations of geologic features and their relation to
ground-water discharge were made throughout much of

the study area. Streamflow measurements were made
along selected streamsin the study areato characterize
the gains and losses along each stream.

Numbering System for Surface-Water Gaging
Stations

The surface-water gaging stations mentioned in
thisreport are numbered according to the USGS* down-
stream order” numbering system. Stations numbers
increase in a downstream direction along the main
stream. All stations on atributary entering upstream
from a mainstream station have lower station numbers.
A station on atributary that enters between two main-
stream stations is given a number between those two
station numbers. In this report, the complete 8-digit
number for each station has been abbreviated to the
middle four digits, for example 16587000 becomes
5870.

Description of Study Area

Thestudy arealieson the northern flank of the East
Maui V olcano (Haleakala) which formsthe eastern part
of the island of Maui, the second-largest island in the
Hawaiian archipelago. The study area, covering about
129 mi?, is bounded to the north by about 19 mi of
coastline and lies between the drainage basins of
Maliko Gulch to the west and Makapipi Stream to the
east (fig. 1). Land-surface atitudesrange from sealevel
to nearly 9,000 ft at Hanakauhi on the north wall of
Haleakala Crater. The topography is gently sloping
except for the stegp sides of gulches and valleys that
have been eroded by the numerous streams. The largest
valley is Keanae Valey, which extends from the coast
to Haleakala Crater where the valley walls are nearly
1,000 ft high.

Most of the study areais made up of forest
reserves; at intermediate altitudes rain forests densely
cover the dopes to about 7,000 ft. Grasses and shrubs
cover the upper slopes to the north wall of Haleakala
Crater. Small towns and farms can be found at low alti-
tudes along the coast. West of Kakipi Gulch (fig. 1),
land use at lower atitudes (below 4,000 ft) changed
from primarily livestock grazing prior to the 1920'sto
pineapple cultivation in the 1920’ sand 1930’ sand then

2 Ground-Water Occurrence and Contribution to Streamflow, Northeast Maui, Hawaii
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to pineapple cultivation mixed with livestock grazing
and some residential areas from the 1940’ sto the
present (1999) (Territorial Planning Board, 1939; Eco-
nomic Planning and Coordination Authority, 1957; Sail
Conservation Service, 1982). At higher atitudes, much
of the land is forested State conservation land or used
for livestock grazing.

Acknowledgments

Garret Hew of East Maui Irrigation Co., Inc. and
many private land ownersin the study area provided
cooperation and assistance.

GEOLOGIC SETTING

East Maui Volcano isformed primarily by extru-
sive shield- and post-shield-stage lavas and secondarily
by rejuvenated-stage volcanic rocks that cover the sum-
mit and southern and eastern regions (fig. 2). Intrusive
volcanic rocks in the form of dikes associated with rift
zones and vol canic vents are oriented along three axes.

Extrusive Volcanic Rocks

Extrusive volcanic rocks consist mainly of lava
flows that effused from fissures and vents. Most lava
flows emerge from fissures as pahoehoe, characterized
by smooth, ropy surfaces, and can change to aa as they
advance downsl ope. Pahoehoe flows generally domi-
nate near the rift zones of volcanoes, whereas aa flows
dominate farther down the flanks. Pahoehoe flows con-
tain numerous ellipsoidal voids (lavatubes) whereas aa
flows contain massive central corestypically sand-
wiched between rubbly clinker layers.

The East Maui Volcano was built by eruptions
principally from threerift zones and a presumed central
vent (Stearns and Macdonald, 1942). Rocks formed
from the main shield-building stage of the volcano are
known as the Honomanu Basalt (fig. 2) and consist of
tholeiitic basalt found as thick accumulations of thin
lavaflows and associated intrusive rocks and rare pyro-
clastic deposits (Langenheim and Clague, 1987). The
end of the shield-building stage of the volcano has been
estimated to be between 0.93 and 0.97 million yearsago
on the basis of potassium-argon age dating (Chen and
others, 1991). The lavas of the Honomanu Basalt have

typical dips of 2 to 22 degrees with the flatter dips near
the isthmus where lava flows approached the West
Maui Volcano. The basalts werelaid down as vesicular
pahoehoe and aa flows averaging about 15 ft thick
(Stearns and Macdonald, 1942, p. 61). Contrary to typ-
ical observations of shield-stage lavaflowsinwhich aa
isfound in greater abundance than pahoehoe away from
the volcanic vents, pahoehoe flows are abundant
throughout the Honomanu Basalt, even at the periphery
of the volcano. In the Nahiku area, the Honomanu
Basalt is petrographically more similar in nature to the
Kula Volcanics (Stearns and Macdonald, 1942). Indi-
vidual lava flows range from 15 to 75 ft thick; few
exceed 40 ft thick and most are less than 30 ft thick.

In the study area, Honomanu Basalt exposures are
found in many of the more deeply incised gulches and
along the coast between the gulches (Stearns and Mac-
donald, 1942). The most extensive field exposures are
found in Honomanu Stream valley where the type sec-
tion for this unit islocated.

The Kula Volcanics, which overlies the Hono-
manu Basalt, consists of post-shield-stage lavaflows of
hawaiite with some ankaramite and alkalic basalt and
associated intrusive rocks and pyroclastic and sedimen-
tary deposits (Langenheim and Clague, 1987). TheKula
Volcanicsis estimated to be 0.36 to 0.93 million years
old with many of the oldest rocks having chemical com-
positions transitional from the shield- to post-shield-
stagelava(Chen and others, 1991). Exposuresfromthis
transitional phase are 50 to 100 ft thick and are com-
monly difficult to characterize asbelonging to either the
Honomanu Basalt or the Kula Vol canics. In some
placesthetwo unitsare separated by athin red soil layer
that has been altered by the weight and heat of the over-
lying flows. The Kula Vol canics aimost completely
covers the underlying Honomanu Basalt and exposures
range from 2,500 ft thick near the summit to 50 to 200
ft thick near the coast. Individual lavaflows average
about 20 ft in thickness near the summit and 50 ft near
the periphery, but flows as much as 200 ft thick are not
rare (Stearns and Macdonald, 1942, p. 75). The usua
dip of the flowsis about 10 degrees. The flows are
thicker and narrower than the Honomanu Basalt and
have morelenticular bedding becausethey filled swales
and valleys eroded into the underlying Honomanu
Basalt. Flows of the Kula Vol canics are exposed
throughout most of the study area with the exception of
the Keanae Valley floor, along the coast, and the area

4 Ground-Water Occurrence and Contribution to Streamflow, Northeast Maui, Hawaii
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east of KopiliulaGulch (fig. 2). Thislatter areais cov-
ered with flows of the Hana Volcanics.

The Hana Volcanics is rejuvenated-stage lava
flows of alkalic basalt, basanite, rare occurrences of
ankaramite and hawaiite and associated intrusive rocks
and pyroclastic and sedimentary deposits (Langenheim
and Clague, 1987). The Hana Volcanicsis unique
among Hawaiian rejuvenated-stage eruptions because
of the presence of ankaramite and hawaiite, because its
vents are aligned along preexisting rift zones and the
erosional period preceding these eruptions was rather
short. A 300,000-year period of quiescence occurred
between the last Kula Vol canics flows and the onset of
Hana-stage vol canism about 45,000 to 75,000 years ago
(Eric Bergmanis, Univ. of Hawaii, oral commun.,
1998). The most recent eruption of HanaV ol canicswas
about 200 years ago on the southwest rift zone of the
East Maui Volcano (fig. 2). No eruptions of Hana Vol-
canics have been mapped along the north rift zone; the
flows of Hana Volcanicsin the study areaall appear to
have their source at the summit or along the east rift
zone of the East Maui Volcano.

The Hana Volcanics is mostly aa and ranges from
afew feet thick to several hundred feet thick where it
was confined by valley walls during emplacement
(Stearns and Macdonald, 1942). In a detailed mapping
study of the Hana V ol canics on the southwest rift zone,
90 percent of the flows were found to be aa flows or
flows transitional between aa and pahoehoe. The flows
ranged from 0.05to 16 mi%in area, 0.6 to 8 mi in length,
and 7.2x10"* to 1x10" mi2 in volume (Eric Bergmanis,
Univ. of Hawaii, oral commun., 1998). Flows of the
HanaV ol canicsinthe study areaare expected to exhibit
similar characteristics. Flows of the Kipahulu Member
of the Hana Volcanics are not found in the study area

(fig. 2).

Intrusive Volcanic Rocks

Intrusive volcanic rocks include those rocks, such
as dikes, that formed when magma cooled below the
ground surface. Dikes associated with rift zones are the
dominant intrusive rocks in Hawaiian volcanoes. The
East Maui Volcano hasthree primary rift zones (Stearns
and Macdonald, 1942; Langenheim and Clague, 1987)
and the study area includes one of these, the north rift
zone (fig. 2). Because of therelative youth of East Maui
Volcano, dike exposures are scarce and limited to the

summit walls and the larger valleys (Stearns and Mac-
donald, 1942). However, positive gravity anomalies
extending from the summit to the northwest, southwest,
and east, indicate the presence of dense, intrusive dikes
beneath the ground surface (Kinoshita and Okamura,
1965). These gravity anomalies correspond to the loca-
tions of typical rift-zone surface features such as cinder,
spatter, and pumice cones.

Thedikesand therocksthey intrude are commonly
referred to as dike complexes. In Hawaiian vol canoes,
dike complexes range in width from 1.5 to 3 mi and
average about 1.9 mi (Macdonald and others, 1983).
The north rift zone of East Maui Volcano appearsto be
about 3 mi wide near the coast and could be greater than
5 mi wide at 4,000 ft atitude on the basis of the cinder
and spatter cones that are in two parallel and roughly
linear patterns (fig. 2). On Oahu, the rift zones near the
ancient caldera are marked by swarms of closely
spaced, nearly vertical, and nearly paralel dikes
(Takasaki and Mink, 1985). Dikesin adike complex
average about 100 to 200 per mile of width (Macdonald
and others, 1983) and compose 10 percent or more of
the rock volume (Takasaki and Mink, 1985). The num-
ber of dikesin the dike complex is expected to increase
with increasing depth and could average 500 to 600 per
mile of width of the complex (Macdonald and others,
1983). Therift zones are hydrologically important
because dikes have low permeability and tend to
impede the lateral movement of ground water. Ground-
water levelsin these low-permeability areas can be as
high as several thousand feet above sealevel.

Hydraulic Conductivity

Hydraulic conductivity is a measure of the capac-
ity of arock to transmit water. The main elements of
lava flows contributing to their hydraulic conductivity
are (1) clinker zones associated with aaflows, (2) voids
aong the contacts between flows, (3) cooling joints nor-
mal to flow surfaces, and (4) lavatubes associated with
pahoehoe flows. Few published estimates of hydraulic
conductivity exist for rocks of the East Maui V olcano.

Stearns and Macdonald (1942) classified the
Honomanu Basalt as extremely permeable and consid-
ered it hydrologically similar to dike-free shield-
building-stage lavas on Oahu, which have reported
horizontal hydraulic-conductivity values of 500 to
5,000 ft/d (Hunt, 1996). The horizontal hydraulic
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conductivity of the Honomanu Basalt inthewesternend
of the study area was estimated to range from 1,800 to
5,400 ft/d on the basis of aquifer tests and an analytical
solution based on recharge (Gingerich, 1999) even
though the western end of the study areaisin adike
complex. Near the eastern end of the study area near
Nahiku, analysis of asingle-well aquifer test made at a
well that is open to the upper lava flows of the Hono-
manu Basalt, provided a hydraulic conductivity esti-
mate of about 1 ft/d (unpublished datain USGS Hawaii
District aquifer-test files). The rocks of the Honomanu
Basaltinthe Nahiku areaare described astransitional in
petrology between Honomanu Basalt and Kula Volca-
nics and are more similar in nature to rocks of the Kula
Volcanics (Stearns and Macdonald, 1942). Therefore,
the hydraulic conductivity of the rocksis probably
closer to the average hydraulic conductivity of Kula
Volcanics.

The specific capacities of wells open to the Hono-
manu Basalt in or near the Haiku area average about
600 gal/min per ft of drawdown (Gingerich, 1999). The
specific-capacity values decrease toward the east and
range from 1,400 gal/min per ft of drawdown at the
westernmost well to 0.7 gal/min per ft of drawdown at
the easternmost well. The specific capacity of well
4801-48 near Nahiku is about 1.5 gal/min per ft of
drawdown (unpublished datain USGS Hawaii District
aquifer test files).

No estimates of hydraulic conductivity exist from
aquifer tests donein wellsin the study area open to the
Kulaor HanaVolcanics. Stearnsand Macdonald (1942)
classified the Hana Vol canics as very permeable. The
specific capacities of four wells open to the Kula Vol ca-
nics in the Haiku area range from 0.01 to 0.09 gal/min
per ft of drawdown (Gingerich, 1999). The average spe-
cific capacity of these four wellsis about four orders of
magnitude lower than the average specific capacity of
the wellsthat penetrate into the Honomanu Basalt, indi-
cating that the permeability of the KulaVolcanicsis
significantly lower than permeability of the Honomanu
Basalt. Thisdifferencein permeability isdueto the con-
trast in thickness of the lava flows and the amount of
interflow void spaces able to transmit water. The Hono-
manu Basalt is composed of many thin lava flowswith
abundant interflow void space. The KulaVolcanicsis
composed of thick lava flows with much lessinterflow
pore space.

In general, the average hydraulic conductivity of a
dike complex decreases as the number of dike intru-
sions within the dike complex increases. In addition,
hydraulic conductivity is expected to be higher parallel
to the strike of the dikesrather than perpendicular to the
strike. As mentioned above, the hydraulic conductivity
of the rocksin the dike complex aong the western end
of the study area below about 1,000 ft altitude, was esti-
mated to be several thousand feet per day (Gingerich,
1999). These relatively high values of hydraulic con-
ductivity indicate that this section of the dike complex
does not contain abundant dikes and that ground-water
flow in the direction paralel to the dikesis relatively
unimpeded. Further upslope, dikes may be more abun-
dant, and the hydraulic conductivity of the dike com-
plex may be similar to dike complexesin other volcanic
aquifers.

On the basis of anumerical model, Meyer and
Souza (1995) estimated that dikes have ahydraulic con-
ductivity of 1x107° to 1x10° ft/d and that the dikes
reduce the average, effective hydraulic conductivity of
the dike complex to about 1x10°2 to 1x10°! ft/d. In a
summary of aquifer-test analyses for wells on Oahu,
Hunt (1996) shows that estimates of hydraulic conduc-
tivity for dike-intruded shield-building-stage lavaflows
are about 10 to 100 times lower than for dike-free,
shield-building-stage lava flows.

HYDROLOGIC BUDGET

The water-budget model used for East Maui is an
accounting procedure that balances moisture inflow of
rainfall and fog drip with moisture outflow of runoff,
evapotranspiration, ground-water recharge, and the
changein soil-moisture storage (Shade, 1999). Therela-
tion of the water budget components is expressed by:

G=P+F-R-ET-ASS Q)
where: G = ground-water recharge,
P =rainfal,
F =fog drip,
R = runoff,
ET = evapotranspiration, and
ASS = change in soil-moisture storage.

The recharge estimates reported by Shade (1999)
represent the average of two different monthly water-
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budget computation methods that differ in the order in
which recharge and evapotranspiration are taken into
account. Each water-budget computation method pro-
duced arecharge estimatethat differed fromtheaverage
value by about 8 percent.

The water-budget model assumes natural vegeta
tion conditions. Compared with natural vegetation,
pineapple cultivation can increase recharge to an area
because evapotranspiration from unirrigated pineapple
fieldsisless than evapotranspiration from areas of nat-
ural vegetation. Potential evapotranspiration from pine-
applefieldsis estimated to be about 20 percent of
measured pan evaporation whereas potential evapo-
transpiration from sugarcane fields and areas of natural
vegetation is equal to pan evaporation (Giambelluca,
1983). During the 1960’ s, part of the study areawest of
Kakipi Gulch had asmuch as9 miZin pineapple culti-
vation (7 percent of the study area) (University of
Hawaii Land Study Bureau, 1967). Therefore, the
recharge estimate cal cul ated on the basis of natural veg-
etation conditionsis probably dightly underestimated
in thisareawhen the effects of pineapple cultivation are
considered. Also, a significant amount of water proba-
bly recharges the aquifer by infiltration from surface-
water diversion ditches and tunnelsand from associated
surface-water reservoirs, but this amount has not been
estimated.

Water budgets were estimated for 14 stream sub-
basins (table 1 and fig. 3) with USGS surface-water
gaging stations upstream of any surface-water diver-
sions. Ground-water discharge is not included in the
water-budget determinationsfor each subbasin because
asignificant volume of ground water discharges down-
stream of the gaging stations, either to streams or
through springs and diffuse seepage near sealevel.

Rainfall and Fog Drip

Rainfall distribution in the areais primarily gov-
erned by the orographic effect (fig. 4). Precipitation is
heaviest where the prevailing northeasterly trade winds
encounter the windward flank of East Maui Vol cano,
forcing warm, moist air into the cool, higher atitudes.
Mean annual rainfall increases from about 50 in/yr at
the coast on the western end of the study areato more
than 300 in/yr at middle altitudes in the central part of
the study areaand then decreasesto about 50 in/yr at the
volcano summit (Giambelluca and others, 1986).

Annual rainfall at 7,030 ft altitude (Haleakala
Ranger Station, rain gage 338, fig. 4) ranged from about
18to0 111 in. during 193996 (fig. 5). Downslope at
6,150 ft altitude (Honomanu Gulch, rain gage 341, fig.
4), annual rainfall ranged from about 56 to 167 in. dur-
ing 1935-80 and at 1,280 ft altitude (Paakea, rain gage
350, fig. 4) annual rainfall ranged from about 131 to 287
in. during 1919-81 (fig. 5). Nearer the coast at 700 ft
dtitude (Kailua, rain gage 446, fig. 4), rainfall ranged
from about 75 to 162 in. annually during 1919-85.

Mean monthly rainfall maps of Giambelluca and
others (1986) were digitized and used as an input data
set for awater-budget model of East Maui (Shade,
1999). Thetotal average annual rainfal in the study
areais estimated to be 989 Mgal/d, or 160 in/yr based
on data from Shade (1999). Rainfall estimates for indi-
vidual gaged stream subbasins within the study area
(fig. 3) range from 5.18 to 34.79 Mgal/d (table 1, fig. 6).

Studies on theislands of Hawaii, Lanai, and Oahu
(Juvik and Nullet, 1995; Giambellucaand Nullet, 1991,
Ekern, 1964 and 1983) have shown that, in addition to
measured rainfall, water reaches the ground surface
through cloud-water interception (fog drip). The fog
zone on the windward side of East Maui Volcano
extends from about 1,970 ft to the lower limit of the
most frequent temperature-inversion base height at
about 6,560 ft (fig. 3) (Giambellucaand Nullet, 1991).
Using digitized rainfall maps of this areaand fog
drip/rainfall ratios estimated from a study on the wind-
ward side of Mauna Loa on the island of Hawaii, the
fog-drip ratein the study areawas estimated to be about
176 Mgal/d or an average of 65 in/yr in the fog area
(Shade, 1999). Estimatesof fog-drip ratesfor individual
gaged stream subbasins within the study area range
from 0.45t0 9.28 Mgal/d (table 1, fig. 6).

Thetotal precipitation (rainfall plusfog drip) in
eachindividual subbasinislinearly related to the size of
theindividual stream subbasin because almost all of the
subbasinsliein areas of similar rainfall (table 1). The
exception tothistrend isat gaging station 5528 at 4,487
ft altitude on Waikamoi Stream (fig. 3). At thissite, the
total precipitation islow in relation to the area of the
stream subbasin when compared with the other gaging
stations. Thisdifferenceis because this stream subbasin
isin an area of lower rainfall and fog drip.

Evapotranspiration

No published pan-evaporation records exist for
any sitesin the study area. The nearest siteisabout 1 mi
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to the west of Maliko Gulch (station 485, fig. 4) where
the station was at 320 ft altitude. During 1963—70, mea-
sured pan evaporation at this station ranged from 85.15
to 102.62 in. (Ekern and Chang, 1985). Shade (1999)
estimated a distribution of pan-evaporation values for
the study area as afunction of the rainfall distribution
and used aone-to-onerel ation between pan evaporation
and potential evapotranspiration in the water-budget
model. According to the model, an average of about 19
percent of rainfall and fog drip or 220 Mgal/d islost to
evapotranspiration in the study area (Shade, 1999). The
amount of potential evapotranspiration could be under-
estimated because the ratio of pan evaporation to poten-
tial evapotranspiration for wet forested areas could be
closer to 1.3 to 1 (Giambelluca, 1983). Estimates of
evapotranspiration ratesfor theindividua gaged stream
subbasins range from 0.85 to 6.30 Mgal/d (table 1, fig.
6).

Streamflow

Streamsin the study areadrain radially from the
summit of East Maui Volcano northward to the ocean.
Valley development isin ayouthful stageasstreamsare
eroding downward into the volcano slope, forming
steep-sided valleys and leaving nearly uneroded upland
areas (planezes) between the stream valleys. Stream-
flow consists of runoff, base flow, and in some cases,
flow added to streams from a network of irrigation
ditches that cross the study area. Base flow is ground-
water discharge to the stream. Nearly 30 named peren-
nial streams enter the ocean between Maliko Gulch and
Makapipi Stream and there are numerous other minor
intermittent streams. Currently, the USGS operatesfour
gaging stations (5080, 5180, 5870, and 5950) on
streamsinthestudy area(plate 1). Inthepast, the USGS
operated gaging stations on 22 streams (table 2, at end
of report) and all the major diversion systems (table 3)
in the study area (Fontaine, 1996).

Streamflow in the study areais flashy because of
the steep sides of the stream valleys and the common
high-intensity rainfall at middle altitudes. The highest
recorded streamflow in the area was greater than 7,000
Mgal/d in Hanawi Stream at gaging station 5090 on
March 21, 1937 (Grover and Carson, 1939). Thehighest
average annua daily flow (25.85 Mgal/d) in the study
areawas also measured at this gaging station (table 2).

Theratio of runoff to rainfall ranges from 14 per-
cent to 63 percent in the 14 stream subbasins included
inthewater-budget study (Shade, 1999). For streamson
the highly permeable Hana V olcanics, runoff is
described as low and most of the rain is expected to
enter the ground as recharge (Takasaki and Y amanaga,
1970). But the two stream subbasins in the study area
(Waiohue and Hanawi) having only Hana Volcanics at
the ground surface have about the same average runoff-
to-rainfall ratio (46 percent) asthe 11 stream subbasins
containing mostly Kula Volcanics (45 percent).

Estimates of streamflow and base flow are based
on streamflow records of varying length and from dif-
ferent times. The error associated with comparing these
records is not considered significant because the aver-
age annual values used in the comparisons are expected
to be within about 10 percent of the true value in most
cases. A statistical analysis of five streamflow records,
each with more than 60 years of record, shows that the
average annual discharge for any 10-year period within
that record has astandard error of 12 percent when com-
pared with thewholerecord (Fontaine, 1996). When the
length of the subset isincreased to a50-year period, the
standard error only improvesto 5 percent. Thirty nine of
the streamflow recordsfor the study areaare equal to or
greater than 10 years long.

For this study, the length of the period of record at
each gaging station was determined to be unimportant
by comparing each record to three reference records
from the study area. The three longest streamflow
records, 5080 (73 years), 5180 (76 years), and 5870 (85
years) were chosen as reference records. For each other
individual record, atime period equal to the length of
that record was chosen. A subset of areference record
was then selected from this same time period and the
average flow during that time period was compared
with the total reference record to estimate the ratio of
flow during the subset period to the reference period.
This analysis was made for all three reference records
and the result was averaged to obtain a period-of-record
scale factor for each of the other records. The scale fac-
tor ranged from 0.88t0 1.13 (table 2). Thisvariability is
consistent with the statistical analysis reported by Fon-
taine (1996). This range of accuracy is considered suf-
ficient for the type of comparisons made in this study,
and therefore, no corrections were made to any of the
records to account for differencesin length or period of
record.
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Table 3. Information from gaging stations on surface-water diversion systems, northeast Maui, Hawaii
[ft, feet; Mgal/d, million gallons per day; gaging-station number is preceded by 16 and endsin 00; --, not known)]

Lowest Highest
Years of  Station Average average average
Station Year Period of record complete altitude annual flow annual flow annual flow
number Diversion system completed used in calculation record (ft) (Mgal/d) (Mgal/d) (Mgal/d)
5310 Upper Kula Pipeline 1912 1946-85 40 4,320 0.50 0.29 124
5060 Koolauw/Wailoa Ditch 1905/1923 1949-65 17 1,300 287 2.28 3.46
5120 Koolauw/Wailoa Ditch 1905/1923 1900; 1920-85 67 1,289 22.01 9.24 36.32
5230 Koolauw/Wailoa Ditch 1905/1923 1911-12; 1919-85 69 1,238 65.26 33.80 107.89
5510 Koolaw/Wailoa Ditch 1905/1923 1923-29 7 1,260 69.32 49.15 .77
5410 Koolauw/Wailoa Ditch 1905/1923 1933-87 55 1,240 74.24 39.79 120.50
5880 Koolauw/Wailoa Ditch 1905/1923 1924-87 64 1,208 110.35 65.19 149.82
5380 Spreckels Ditch 1879 1923-29; 193185 62 1,471 1554 8.34 27.27
5520 Spreckels Ditch 1879 1929-30; 193238 9 1,340 8.17 191 14.57
5655 Spreckels Ditch 1879 1919-29 11 960 5.77 0.78 17.72
5890 New Hamakua Ditch -- 1919-85 67 1,170 23.25 7.52 61.69
5900 Old Hamakua Ditch -- 1919-21; 193664 30 1,117 1.80 0.30 6.07
5415 Manuel Luis/Center/ 1900/1893/1900 1919-24; 192685 66 920 531 1.38 11.92
Lowrie Ditch
5610 Manual Luis/Center/ 1900/1893/1900 1921-24; 192629 8 720 13.61 7.82 15.30
Lowrie Ditch
5920 Manual Luis/Center/ 1900/1893/1900 1911-26; 1931-85 71 598 2344 5.73 51.51
Lowrie Ditch
5940 Haiku Ditch 1885 1911; 1914; 1916 70 422 1551 3.32 49.15

28; 193185

Surface-Water Diversion Systems

Six magjor surface-water diversion systems carry
water across the study area from east to west in a com-
plex series of ditches, tunnels, flumes, and pipelines
(plate 1, tables 3 and 4). The two highest-altitude sys-
tems, the Upper and Lower Kula Pipelines, divert water
for domestic supply and the rest divert water mainly for
irrigation in central Maui. With few exceptions, the
diversion systems capture al of the base flow and an
unknown percentage of total streamflow at each stream
crossing. Records of reported total diversion-system
flow are most complete at Honopou Stream (Neal Fujii,
Commission on Water Resource Management, written
commun., 1998). During 1925-97, total flow for all of
the diversion systems at Honopou Stream averaged
about 163 Mgal/d (fig. 7). The highest average flows
were measured in the Koolau/Wailoa Ditch system
wheretotal flow crossing Honopou Stream (gaging sta-
tion 5880) averaged 110.35 Mgal/d for 192487 (table
3andfig. 7). Average flows in the other diversion sys-

temswere all much lower: Manuel Luis/Center/Lowrie
and New Hamakua Ditch systems each averaged about
23 Mgal/d, Spreckels and Haiku Ditch systems each
averaged about 15 Mgal/d. Total flow in the Upper and
Lower KulaPipelinesisnot gaged by the USGS. Water-
sale records indicate that total flow through these two
systems averaged less than 5 Mgal/d between 1970 and
1983 (Belt, Collins, and Associates, 1984).

Ground-Water Recharge

Ground-water recharge in the study area was esti-
mated to be 529 Mgal/d (Shade, 1999) (fig. 8). Annua
water budgetswere estimated for individual stream sub-
basins with gaging stations upstream of any surface-
water diversions. The recharge estimate represents an
average recharge of about 86 in/yr over the entire 129
mi2 study area. However, rechargevariesaredly froma
minimum of less than 10 infyr in some western areas
near the coast to a maximum greater than 150 infyr in
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Table 4. Summary of surface-water diversion influence on selected streams, northeast Maui, Hawaii
[ne, no effect; all values represent the approximate altitude where the diversion system intercepts the stream; all diversion systems take water from stream
unless otherwise noted)]

Diversion system

Manuel Luis/

Stream Upper Kula Lower Kula Koolau/Wailoa Spreckels Center/Lowrie Haiku
system Pipeline Pipeline Ditch Ditch Ditch Ditch
M akapipi ne ne 1,300 ne ne ne
Hanawi ne ne 1,300 ne ne ne
Kapaula ne ne 1,320 ne ne ne
Paakea ne ne 1,300 ne ne ne
Waiohue ne ne 1,300 ne ne ne
Kopiliula ne ne 1,300 ne ne ne
Wailuaiki ne ne 1,300 ne ne ne
Wailuanui ne ne 1,300 ne ne ne
Honomanu ne 3,043 1,300 1,720 ne ne
Haipuaena 4,320 3,030 1,300 1,460 900 ne
Puohokamoa 4,310 2,984-3,016 1,300 1,290 900 ne
Waikamoi 4,240 2,961-2,985 1,300 1,200 700 ne
Kolea ne ne 1,250 ne 760 ne
Kaaiea ne ne 1,250 920 700 ne
Oopuola ne ne 1,250 ne 700 ne
Nailiilihaele ne 2,880 1,200 660 660 ne
Kailua 4,300 2,970 1,200 6602 640 480
Hoolawa ne ne 1,200 ne 620 460
Honopou ne ne 1,200 ne 580 440

a8 Addswater to stream
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Figure 7. Average annual total diversion-system flow and flow in selected diversion systems for the period 1910-98,
northeast Maui, Hawaii.
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Figure 7. Average annual reported total diversion-system flow and flow in selected diversion systems for the
period 1910-98, northeast Maui, Hawaii -- Continued.
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the areas of highest rainfall and fog drip between alti-
tudes of 2,000 and 6,000 ft. The estimated recharge of
529 Mgal/disabout 45 percent of precipitation (rainfall
plusfog drip) in the study area. Recharge estimates for
individual gaged stream subbasins range from 1.82 to
24.56 Mgal/d (table 1, fig. 6). These recharge rates
range from 32 to 60 percent of the precipitation rate for
each individual subbasin. The averageratio of recharge
to precipitation for the two streams in the Hana Vol ca-
nicsis dlightly higher than in the other streams for
which water budgets were determined.

Ground-Water Withdrawal

In the study area, ground water iswithdrawn from
public and private wells and from the tunnels and
ditches constructed for theirrigation system. Of the
ground water currently withdrawn from wells, most is
from only three, well 5520-01 in Maliko Gulch, well
5108-01 at Keanae, and well 4806-48 near Nahiku (fig.
9). Water from well 5520-01 is pumped to the Haiku
water-diversion system for irrigation. The records of
yearly pumpage at this well show that the annual
ground-water withdrawal averaged 2.8 Mgal/d during
1913-96. This average value includes 1954-61 when
the pumps in the well were not operating (fig. 10).
Monthly pumpage from thewell varied seasonally from
zero to as much as 17 Mgal/d. Water from well 5108-
01, drilled in 1984, is used for domestic supply and,
according to records supplied by the Maui County
Department of Water Supply, withdrawals have aver-
aged about 0.04 Mgal/d since 1988 (fig. 10). According
to East Maui Irrigation, Inc. (EMI) records, withdrawals
at well 4806-48 have averaged about 0.28 Mgal/d since
1956 (fig. 10). Thiswater is pumped into the Koolau
Ditch diversion system on aseasonal basisfor irrigation
incentral Maui. Unreported withdrawal sfrom domestic
wellsin the area probably total lessthan 0.3 Mgal/d on
the basis of well-installation specifications listed on
well-permit applications. A well (5318-01) presently
being constructed (1999) near Kaupakulua (fig. 9) is
proposed to withdraw 1.5 Mgal/d from the Honomanu
Basalt (State of Hawaii Department of Land and Natu-
ral Resources application for well-construction permit,
1997). Proposed withdrawal ratesfor additional wellsin
the Haiku area total about 16.5 Mgal/d, anincreasein
withdrawal of about 400 percent.

The network of water-diversion systems contains
many tunnelsthat capture ground water, which istrans-
ported to central Maui for irrigation, but records of flow
are incomplete. Stearns and Macdonald (1942) esti-
mated the average tunnel yield to be about 6 Mgal/d for
22 tunnels totaling more than 20,600 ft in length that
were constructed by EMI in the Nahiku area. Attempts
have also been made to enhance discharge from several
small springs in the study area by tunneling for water
but average yields are reported to total lessthan 0.1
Mgal/d (Stearns and Macdonald, 1942). Ground-water
seepage directly into an unlined part of the Koolau
Ditch has been estimated to be about 3.8 Mgal/d per
mile of ditch between the start of the ditch and gaging
station 5120 (plate 1) (William Meyer, USGS, written
commun., 1998). No other information exists describ-
ing what sections of the ditches gain water, so estimat-
ing the total effect of ground-water capture by the
ditches crossing the study areais not possible.

CONCEPTUAL MODELS OF GROUND-
WATER OCCURRENCE AND MOVEMENT

Fresh ground water in northeast Maui occursunder
two general conditions: (1) asahigh-elevation saturated
zonein relatively low-permeability rocks above an
unsaturated zone, and (2) as a freshwater-lens system
underlain by denser saltwater. West of Keanae Valley,
a high-elevation saturated zone in the upper rock unit,
the KulaVolcanics, is separated from afreshwater lens
near sealevel by an unsaturated zone in the underlying
Honomanu Basalt as described in the report for the
Haiku area (Gingerich, 1999). East of Keanae Valley,
the ground-water system appearsto beafreshwater-lens
systemthat isfully saturated above sealevel to altitudes
greater than 2,000 ft, similar to the system described in
the Nahiku area (Meyer, in press). The freshwater-lens
system isin direct connection with the underlying salt-
water.

West of Keanae Valley

Within the study area and west of Keanae Valley,
ground water isfound at high elevationsin the Kula
Volcanics and as a freshwater lens floating on denser
underlying saltwater in the Honomanu Basalt (fig. 11).
The rocks beneath the contact between the low perme-
ability KulaVolcanics and the underlying Honomanu
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Basalt and above the freshwater lens appear to be unsat-
urated.

In the Haiku area, water levels measured in shal-
low wellsindicate that awater table lies several tens of
feet below the ground surface of the undissected
uplands and representsthetop of asaturated zonein the
thick lava flows and interbedded soils of the KulaVol-
canics (Gingerich, 1999). This water-table surface
mimics topography but is more subdued and rises away
from the coastline with a slope of about 340 ft/mi (fig.
12) (Gingerich, 1999). Near the coast and in afew of the
gulches, this high-elevation saturated zone is not
present because erosion has removed the low-perme-
ability layers formed by the Kula Volcanics. Ground-
water flow is predominantly to the north from high to
low atitudes along the dip of the geologic layers and
vertically downward from the base of the saturated
zone.

Where valleys have been incised into the high-
elevation water table, ground water discharges at
springs or directly in streambeds. Conversely, stream-
flow infiltratesinto the aquifer where the streambed lies
above the high-elevation water table and is sufficiently
permeable. Where valley floors consist of KulaVolca
nics all the way to the ocean, the streams commonly
flow all the way to the ocean.

The rocks beneath the contact between the Kula
Vol canics and the underlying Honomanu Basalt and
above the freshwater lens appear to be unsaturated on
the basis of severa observations, some first discussed
for the Haiku area (Gingerich, 1999):

(2) Stream channels incised into the Honomanu
Basalt (Maliko and Kakipi Gulchesin the
Haiku area, and Oopuola, Honomanu, and
Haipuaena Streams further to the east) are
dry or lose streamflow during base-flow
conditions. After flowing over the less
permeable Kula Vol canics, streamflow seeps
into the more permeable Honomanu Basalt
downstream.

(2) The hydraulic conductivity of the Honomanu
Basalt, on the basis of aquifer tests, istoo high
to support athick ground-water lens with the
estimated recharge to the study area.

(3) Small springs are commonly found along sea
cliffsin this part of the study area at the base
of the Kula Vol canics but no springs have been
observed lower in the Honomanu Basalt but
above sealevel.

(4) Wells that penetrate through the contact have
penetrated cascading water from above the
contact and dry lavatubesin the Honomanu
Basalt.

Water levels from wells penetrating to sea level
indicate that the surface of the freshwater lensin the
Haiku areaforms a hydraulic gradient of about 3 ft/mi
inland (Gingerich, 1999). The source of freshwater in
the lensis ground-water recharge from overlying high-
elevation saturated zones and rainfall infiltration. Fresh
ground water flows from the inland areas to the coast
whereit discharges at springs and by diffuse seepage at
and below sealevel. In coastal aquifers, a saltwater-
circulation system exists beneath the lens (Souza and
Voss, 1987). Saltwater flows landward in the deeper
parts of the aquifer, rises, and then mixeswith seaward-
flowing freshwater. This mixing creates a freshwater-
saltwater transition zone. No wellsin the study areaare
known to penetrate the transition zone or underlying
saltwater.

For hydrostatic conditions, the freshwater-lens
thickness can be estimated by the Ghyben-Herzberg
principle. If the specific gravities of freshwater and salt-
water are assumed to be 1.000 and 1.025, respectively,
then the Ghyben-Herzberg principle predicts that every
foot of freshwater above sealevel must be balanced by
40 ft of freshwater below sealevel. For dynamic condi-
tions, the Ghyben-Herzberg principle tends to overesti-
mate the freshwater-lens thicknessin the recharge zone
and underestimate the freshwater-lens thickness near
the discharge zone.

Vol canic dikes, which commonly impede the flow
of water because of their low permeability, appear to be
afactor controlling the shape of both the high-elevation
water table and the freshwater |ens within the north rift
zone of East Maui Volcano (Gingerich, 1999). Ground-
water flow could be impeded more from east towest in
adirection perpendicular to the preferred dike orienta-
tioninthedike complex. But dikeimpoundments do not
appear to be present seaward of the 2,000-ft topographic
contour in the Haiku area. Because the principal
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direction of ground-water flow is paralel to the dike
complex, it appears that volcanic dikes are either not
numerous enough or are oriented parallel to each other
so that structures to impound ground water to high lev-
elsdid not form to a significant extent.

West of Keanae Valley, wellsthat are open to the
aguifer only at or below sealevel will pump ground
water from the freshwater lens. The discharge of fresh-
water from the lens at the coast will be reduced by the
amount of ground water withdrawn by the pumped
wells. Removal of ground water at these wells should
not affect the upper high-elevation water table because
the thick unsaturated zone will prevent the vertical
ground-water flow gradient from changing signifi-
cantly. Ground-water withdrawal from wells open to
the high-elevation water body can reduce streamflow
and reduce the amount of recharge that infiltrates to the
freshwater lens below.

No reliable water-level measurements exist from
wellsdrilled to sealevel between Kakipi Gulch and
Keanae Valley or above 1,200 ft atitude anywherein
the study areato confirm whether ground water isfound
in both ahigh-€elevation saturated zone and afreshwater
lensintheseareasaswell. Most of thewellsdrilled near
the coast immediately west of Kakipi Gulch encounter
water in the KulaVolcanics, but do not penetrate to sea
level. A test hole (4813-01) drilled in KulaVolcanics at
about 4,300 ft altitude near Waikamoi Stream (fig. 9)
encountered water 63 ft below the ground surface and
the hole had about 5 ft of water in it when it was 650 ft
deep (unpublished recordsin USGS Hawaii District
files). The well was reported to be dry by Stearns and
Macdonald (1942, p. 215) because the water was
thought to be drilling fluid and not representative of the
water table.

The existence of ahigh-elevation water body over-
lying afreshwater lensis inferred from the presence,
similar to that found in the Haiku area, of losing stream
sections where surface water flows from the Kula Vol-
canicsonto the Honomanu Basalt. Oopuol a, Hai puaena,
and Honomanu Streams all have gone dry downstream
of the KulaVolcanics'Honomanu Basalt contact. Other
streams in the area may be losing but do not go dry
because they have not incised below the contact.

At most wellsin the study area, only single water-
level measurements are available, so temporal varia-

tionsin ground-water levels are difficult to determine.
At three wells drilled into the freshwater lens in the
Haiku area, water-level measurements are available
over several-year periods (Gingerich, 1999). Pumped
water levelsin well 5520-01, near the coast, were about
2 ft lower than non-pumped water levelsand daily tidal
fluctuations were about 0.2 to 0.4 ft. Occasional mea-
surements made in wells 5519-01 and 5419-01 show
that the water level appearsto mimic rainfall variations
(Gingerich, 1999).

Water Chemistry.--Thechemical characteristicsof
ground water and surface water that have been mea-
sured at most sitesis limited to chloride concentration,
specific conductance, and temperature. Chloride con-
centrationiscommonly used asanindicator of saltwater
intrusion into the ground-water system. Generally,
greater withdrawal from awell in afreshwater lenswill
cause an increase in the chloride concentration of the
pumped water as more saline water isinduced to flow
towards the well. The only long-term chloride-concen-
tration record available in the study areais for well
5520-01 in Maliko Gulch (Gingerich, 1999). Between
1925 and 1996, measured chloride concentration
ranged from 270 to 1,668 mg/L depending on the
amount of withdrawal from the well. Chloride-concen-
tration values from other wellsin or near the Haiku
study areathat penetrate the freshwater lensrange from
49 to 200 mg/L (Gingerich, 1999). The highest concen-
trations were in samples from wells nearest the coast
where the freshwater lensis thinnest.

Chloride concentrations from springs west of
Keanae Valley average about 10 mg/L (table 5). All of
these springs are assumed to be discharging from the
high-elevation saturated zone. Ground-water chloride
concentrationsin these springs decrease with increasing
atitude and distance from the ocean (Gingerich, 1999).
Chlorideionsin seawater aerosols carried by the
tradewinds are deposited on land as salts with decreas-
ing concentrations as the distance from the ocean is
increased. Rainfall dissolves the deposited salts and
recharges the high-elevation saturated zone with water
of varying chloride concentration. Water that recharges
the saturated zone at the highest atitude (farthest from
the ocean) will typically have the lowest chloride con-
centration.
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Table 5. Temperature, specific conductance, and chloride concentration at selected springs, northeast Maui, Hawaii

[°C, degrees Celsius; uS/cm, microsiemens per centimeter; mg/L, milligrams per liter; --, no data; all altitudes estimated from U.S. Geological
Survey topographic maps, Haiku, Keanae, Kilohana, and Nahiku quadrangles]

Altitude Water Water specific Chloride
(feet above temperature conductance concentration
Location sea level) Date (°C) (uS/cm) (mg/L) Comments
Akeke Spring 750 9/11/97 18.7 131 8
Big Spring 787 1/12/94 155 227 -
2/24/94 155 234 -
2/22/95 155 229 -
9/13/95 15.7 225 10
9/9/96 156 233 4
Hanawi Spring at 1,325 ft 1,325 1/11/94 19.3 64 - West bank near gaging
9/13/95 19.2 63 10 station 5080
Hanawi Spring 1 770 1/12/94 19.6 53 -
9/13/95 205 55 10
Hanawi Spring 2 660 1/11/94 19.1 51 --
2/24/94 19.2 49 -
Honolulunui Spring 1,000 9/10/96 19.9 47 7
Honomanu Spring at shore 2 2/26/96 20.2 366 80 Honomanu 1
Honomanu Spring at 30 ft 30 9/10/95 20.9 156 15 Honomanu 3b
2/26/96 211 158 12
Hoolawa Spring at 1,200 ft 1,200 2/5/98 20.0 75 15 Hoolawa 12.2
Hosmer Grove Spring 6,560 10/17/94 130 30 - Waikamoi 74
9/12/95 109 46 5
2/25/96 10.7 25 3
9/8/97 139 28 3
Kaumahina Spring at 280 ft 280 5/23/95 227 136 - Kaumahina 4
Kaumahina Spring at 240 ft 240 5/23/95 228 124 - Kaumahina 5
Kaumahina Spring at 100 ft 100 5/23/95 227 138 - Kaumahina 7
Mossman Spring 1,020 9/10/96 19.9 47 7
3/2/97 19.3 49 8
Nuaailua Roadcut Seep 240 2/26/96 227 111 23 Inland side of highway
3/3/97 219 113 23 fromPVCcollection
9/9/96 238 107 21 pipe
9/11/97 225 105 24
Ohia Spring 230 2/26/96 17.8 147 6
9/9/96 18.3 132 4
3/2/97 17.7 137 5
9/11/97 18.6 114 6
Tavares Spring 40 9/5/96 228 526 121
Waikamoi Spring at 3,200 ft 3,200 9/9/97 18.0 37 6 Spring along old flume
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Specific conductanceisrelated to thetype and con-
centration of ions in solution and can be used for
approximating the dissolved-solids content of the
water. For sample-collection sites at sealevel, ahigh
specific conductance probably means that the sample
has a higher chloride concentration in it (such as at
Honomanu coastal springsin table 5). The specific-
conductance measurements of the water samples col-
lected above sea level west of Keanae Valley range
between 16 and 521 uS/cm. For water samples col-
lected higher than sea level, the variations in specific
conductance are probably caused by a number afactors
including the abundance of sea-spray deposition, the
residence time of the water in the aquifer, and the aqui-
fer-rock age and petrology. It is not possible given the
data to determine the effects on ground water in the
study area of each of these factorsindividually.

Water temperature can be an indication of the ele-
vation the water recharged the aquifer or, in the case of
elevated temperature, the effects of geothermal activity.
Because none of thetemperatures appear to be elevated,
geothermal activity doesnot appear to play asignificant
rolein the ground-water flow system of the study area.
Therefore, ground water with the lowest temperatureis
assumed to have originated at the highest elevations.
Measured ground-water temperatures west of Keanae
Valley range from 10.9°C at Hosmer Grove Spring
(6,560 ft dtitude) to 24.9°C in Uluini Stream (310 ft
altitude).

In and East of Keanae Valley

In and east of Keanae Valley, the freshwater lens
appearsto be vertically extensive, similar to the condi-
tions found in the Nahiku area. In the Nahiku area and
as far west as Waiohue Gulich (plate 1), the rocks are
described as fully saturated from sealevel to greater
than 2,000 ft altitude on the basis of water-level infor-
mation from test holes and streamflow measurements
(Meyer, in press). The saturated zone extends from the
Honomanu Basalt at sealevel up through the KulaVol-
canics and into the Hana Volcanics (fig. 13). Streams
intersect thevertically extensivefreshwater-lenssystem
and are perennial downstream of about 2,100 ft altitude.
These streams continueto gain water from all threerock
units asthey descend in altitude to sealevel. Discharge
from high-elevation springsin the areais from this ver-

tically extensive freshwater-lens system. Because the
rocksin this area are fully saturated, withdrawal of
ground water from wells open to any part of the aquifer
will reduce streamflow and ground-water discharge at
the coast. Thevertically extensive saturated zoneresults
directly from the combination of high ground-water
rechargerates, low rock hydraulic conductivity, and the
ground-water flow-system geometry (Meyer, in press).
Recharge to parts of thisareais greater than 150 in /yr
(fig. 8).

The relatively low hydraulic conductivity of the
rocks (about 1 ft/d) has been demonstrated by the anal-
ysisof a7-day aquifer test done at well 4806-48 which
is open to the Honomanu Basalt between altitudes of
488 and 134 ft. The hydraulic conductivity of the Hono-
manu Basalt isrelated to the characteristics of the lava
flows as they were emplaced and cooled. The nature of
flow emplacement is controlled by both the lava petrol-
ogy and the features onto which the lavaisflowing. As
discussed previously, the exposures of Honomanu
Basalt in the Nahiku area above sea level are transi-
tional in petrology between Honomanu Basalt and Kula
Volcanics and are more similar to rocks of the Kula
Volcanics (Stearns and Macdonald, 1942). Because of
thetransitiona petrology, the hydraulic conductivity of
the Honomanu Basalt in this area may be lower than
typically expected el sewhere and therefore similar to
the hydraulic conductivity of Kula Volcanics.

Several volcanic features in the area indicate that
the Honomanu Basalt may not have been emplaced as
typical flat-lying flank lavaflows and therefore the
hydraulic conductivity of the rocks may not be typical
either. A volcanic dike in the sea cliff west of Kapaula
Gulch (Stearnsand Macdonald, 1942, pl. 1, inset B) and
a2-ft thick layer of lithic-vitric tuff (common near erup-
tive vents) in the sea cliff west of Hanawi Stream
(Stearnsand Macdonald, 1942, pg. 71) indicate that the
areamay once have been the site of local eruptions.
Also, Stearns and Macdonald (1942) recognized that
the "Hanawi artesian structure,” a permeable layer con-
fined above and below by less permeable layers, is
unique for supposed shield-stage basalts and nothing
similar has been described elsewhere in Hawaii's agui-
fers.

The primary factor controlling the altitude to
which the water table will reach in a freshwater-lens
systemisthe hydraulic conductivity of theaquifer at sea
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level. As seen from equation 1 (p. 7), for agiven
recharge rate, an aquifer with lower hydraulic conduc-
tivity will have ahigher water table than an aquifer with
higher hydraulic conductivity. A numerical model has
shown that the recharge estimated for the Nahiku area
will produce afreshwater-lens system with awater table
hundreds to thousands of feet above sealevel given a
hydraulic conductivity of about 1 ft/d (Gingerich,
1998). With hydraulic conductivity valuesin the range
of 1,000 ft/d, freshwater heads will only be afew feet
above sealevel several milesinland. At Nahiku, the
aquifer is Honomanu Basalt from below sealevel to a
minimum of 150 ft above sealevel at the coast to at least
650 ft above sealevel at well 4806-48. Abovethe Hono-
manu Basalt, the low-permeability Kula Volcanicsis
nearly 500 ft thick. The HanaVolcanicsismainly a
veneer on the surface of the shield- and postshield-stage
lavas and this unit has little control on the regional
ground-water flow system. Therefore, thereisalayered
sequence of at least 600 ft of low-permeability rock
above sealeve at the coast and a greater extent inland
in which avertically extensive freshwater-lens system
could develop.

In avertically extensive freshwater-lens system,
regiona ground-water flow above sealevel istoward
the coast and downward from areas of rechargeto areas
of discharge in streams and at the coast. Ground water
will flow from areas of higher hydraulic head to areas of
lower hydraulic head. Meinzer (1923, p. 41) described
ground water that has greater pressure head than an
underlying body of ground water, fromwhichitis, how-
ever, not separated by any unsaturated rock. This
description appliesto a vertically extensive freshwater-
lenssysteminalayered aquifer: "... after thewater table
isstruck indrilling awell, the well contains water at all
depths which it reaches but the water level in the well
sinks below the original water table..." (Meinzer, 1923).

In alayered aquifer, the head gradient may not be
uniform with depth because each layer penetrated may
have a different hydraulic conductivity and a different
degree of connection to adischarge point in astream or
at the ocean. An abrupt water level drop asanew layer
ispenetrated may mean only that alayer of significantly
lower hydraulic head has been encountered. An abrupt
declinein water levelsduring drilling is not necessarily
an indication that a perched water body has just been
penetrated. Stearns and Macdonald did not consider the

concept of alayered system with avertical head gradi-
ent when analyzing the "Hanawi artesian structure”
leading them to conclude "The structure must be
perched, because when the [test] holes penetrate the
supporting member the water level drops' (Stearns and
Macdonald, 1942, p. 260).

Drilling records of water levels from wells pene-
trating a perched water body above a thin basal fresh-
water-lens system would be expected to show abrupt
declinesto afew tens of feet above sealevel, reflecting
the height of thewater tablein the basal freshwater lens.
This scenario is apparent in the Haiku area where the
basal freshwater lensin highly permeable Honomanu
Basalt has a water table of afew feet above sealevel.
Stearns and Macdonald (1942, p. 255) stated that the
Nahiku area was underlain by permeable Honomanu
Basalt with athin basal freshwater lens but their
assumption was based on inference from other areas
and not on any field data from the Nahiku area. Six
wellsweredrilled to depthsnear to or below sealevel in
the Nahiku areaand the lowest water level encountered
was 47 ft above sealevel in atest hole 300 ft from the
ocean (Meyer, in press). At well 4806-48, (about 2 mi
inland from the ocean) the deepest water level encoun-
tered was 969 ft above sealevel when the well bottom
was at -9 ft altitude (unpublished records from Doak C.
Cox, geologist, Experiment Station, Hawaiian Sugar
Planters Associationinfilesof U.S. Geological Survey,
Honolulu). In most of the test holes drilled in the area,
the water levels dropped during drilling as would be
expected in avertically extensive freshwater-lens sys-
tem but still remained higher than the top of the Hono-
manu Basalt even when drilled as deep as 259 ft below
sealevel (Meyer, in press). The pattern of high water
levelsindicates that there are no layers of the Hono-
manu Basalt with relatively high hydraulic conductivity
or agood connection to a discharge zone even as deep
as severa hundred feet below sealevel.

Thewater-level dataindicatethat thewater table of
the vertically extensive freshwater-lens system is as
high as the Hana V ol canics in much of the Nahiku area
(Meyer, in press). This water-table surface mimics
topography and slopes toward the coast at about 800
ft/mi (fig. 12). The thickness of the freshwater lens
below sealevel would be unreasonably large if the
depth to the theoretical freshwater-saltwater interface
were based on the assumption that the Ghyben-
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Herzberg principle was applicable. However, in areas
where significant downward movement of ground
water exists, the depth to the freshwater-saltwater inter-
face will be shallower than predicted by the Ghyben-
Herzberg relation (Izuka and Gingerich, 1998). Meyer
(in press, fig. 28) used this finding to estimate the posi-
tion of theinterface on the basis of the water-level infor-
mation obtained from the test holes penetrating to near
sealevel. Theinterface position was estimated to be
about 400 ft below sea level near the coast and greater
than 1,000 ft below sealevel about 2 mi inland.

Between Waiohue Gulch and Keanae Valley, no
water-level information is available, but the existence
of avertically extensive freshwater-lens system can be
inferred from the presence of continuously gaining
streams all the way to the ocean. Although flow mea-
surements are unavailable, visual observations by the
author along both East and West Wailuaiki Streams
showed streamflow gains from about 1,000 ft altitude
downstream to the coast, including the presence of
many small springs and seeps a few tens of feet above
sealevel. Severa features along the eastern side of
Keanae Valley indicate the presence of the vertically
extensive freshwater-lens system. Akeke Spring
(Banana Spring in Stearns and Macdonald, 1942) and
Plunkett Spring discharge atotal of about 4 Mgal/d
from the Honomanu Basalt at atitudes of 750 ft and
1,000 ft, respectively (fig. 12), and the water level in a
test hole (4910-03; fig. 9) drilled through Hana Vol ca-
nicsinto 30 ft of Honomanu Basalt near Plunkett Spring
was reported to be greater than 900 ft altitude. The con-
figuration of the vertically extensive freshwater-lens
system near the coast in Keanae Valley isunknown and
is probably complicated by the flows of the Hana Vol-
canics and extensive aluvia deposits, which are found
at sealevel in thisarea

The nature of the transition from a variably satu-
rated system to the west of Keanae Valley to afully sat-
urated freshwater-lens system east of Keanae Valley is
unknown. Because rechargeimmediately on either side
of thevalley is similar, the significant difference
between the two areasis probably the hydraulic conduc-
tivity of the Honomanu Basalt underlying each area.
West of Keanae Valley at Honomanu Stream, wherethe
type section for the Honomanu Basalt is located, more
typical Honomanu Basalt flows are found at sealevel
and the hydraulic conductivity of these rocksis proba-

bly higher. No evidence exists to indicate whether the
changeis gradational from higher conductivity rocks at
sea level at Honomanu Stream to low conductivity
rocks at sealevel at Nahiku, perhaps because of a
regional dip of the rock units, or abrupt, perhaps
because of a structural feature from the shield stage of
East Maui Volcano or an erosional feature associated
with Keanae Valley.

East of Makapipi Stream streams are intermittent
except at lower altitudes near the coast. These streams
aredll lessincised than streamsin the study area. At 600
ft altitude in the study area east of Keanae Valley,
stream valleys are incised from 200 to 260 ft below the
upland surface. The next ten stream valleys east of the
study area are only incised about 20 to 80 ft below the
upland surface. Apparently, the stream valleys are not
incised deep enough to intercept the water table except
at the coast and therefore, do not contain persistent base
flow at higher atitudes.

Water chemistry.--Water chemistry data are avail-
able for two wells and several springs and streamsin
and east of Keanae Valley. The chemical characteristics
of ground water and surface water that have been mea-
sured at most sitesare limited to chloride concentration,
specific conductance, and temperature. The chloride
concentration of water from wells4806-48 and 5108-01
was 6 mg/L and 16 mg/L, respectively on September 9,
1996 (G.W. Tribble, USGS, written commun., 1998).
Both wellsaredrilled below sealevel. The specific con-
ductance of the well water was 966 and 236 uS/cm,
respectively, indicating that the chemistry of water from
well 4806-48 is unusual. Chloride concentrations from
two springs in Keanae Valley were less than 10 mg/L.

The specific-conductance measurements of the
water samples from springs and streams ranged
between 12 and 234 uS/cm. Water temperaturesin or
east of Keanae Valley ranged from 15.5°C at Big Spring
(787 ft altitude) to 21.4°C in Hanawi Stream (3,550 ft
atitude).

BASE FLOW AND HYDROLOGIC
BUDGETS FOR INDIVIDUAL STREAM
SUBBASINS

The base-flow component of streamflow was esti-
mated using a computerized base-flow separation
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method described by Wahl and Wahl (1995). Two vari-
ables, N (number of days) and f (turning-point test fac-
tor) must be assigned valuesin the method. The method
divides the daily streamflow record into non-overlap-
ping N-day periods and determines the minimum flow
within each N-day window. If the minimum flow within
agiven N-day window isless than f times the adjacent
minimums, then the central window minimum is made
aturning point on the base-flow hydrograph. Wahl and
Wahl (1995) recommend avalue of 0.9 for the turning-
point test factor for most applications. The value of N
determined for each stream is shown in table 2.

West of Keanae Valley

All of the streamflow-gaging stations operated by
the USGSin the study areawest of Keanae Valley were
at stream sites underlain by the Kula Volcanics. There-
fore, all of the base flow measured at each of the sites
represents ground-water discharge from the high-eleva-
tion saturated zone. No gaging stationsin thispart of the
study area measure discharge from the freshwater lens.
Most of the surface-water gaging stations were
upstream of the Koolauw/Wailoa diversion system at
1,200 ft to 1,300 ft altitude. Datafor estimating stream-
flow and base flow are therefore scarce below about
1,200 ft altitude.

None of the gaged streams west of Keanae Valley
have gone dry near 1,200 ft atitude during the period
they were gaged. The total average annual streamflow
of these gaged streamsis about 140 Mgal/d at 1,200 ft
to 1,300 ft atitude. It isnot possibleto estimate thetotal
average annual streamflow at the coast from existing
records because of the scarcity of gaging stations and
the presence of the diversion systems, which divert
nearly all baseflow inthe areaand an unknown percent-
age of runoff. Perennial streamflow has been measured
at altitudesgreater than 3,000 ft in several of the streams
(Kailua, Waikamoi, and Honomanu Streams) during the
entire period each station was operating. Eight stations
have recorded periods of no flow during their respective
periods of record (table 2). All of these eight siteswere
at altitudes higher than 2,800 ft (plate 1).

Discharge from the high-elevation saturated zone
is persistent even during periods of little rainfall.
Although rainfall between the atitudes of 2,000 to
6,000 ft averages almost 1 in/d, periods of days or

weeks occur with less than one inch of total rainfall.
During an exceptionally dry period from December 27,
1952 to February 6, 1953 only 1.6 in. of rain fell at
Paakea (rain gage 350, fig. 2); no rainfall was recorded
21 out of 42 days (fig. 14). Streamflow records show
steady declinesin discharge to nearly constant rates
toward the end of this dry period, but no gaged streams
went dry. Thisindicates that asignificant ground-water
source exists upstream of the gaging stations. On Feb-
ruary 6, the last day of the driest period, the total flow
of the gaged streams west of Keanae Valley was about
6.7 Mgal. All of this flow was measured above about
1,200 ft atitude.

Total average daily ground-water discharge from
the high-elevation saturated zone upstream of 1,200 ft
atitude and west of Keanae Valley is greater than 38
Magal/d, al of which is eventually removed from the
streams by surface-water diversion systems. Thisvalue
was estimated by adding the estimated base flow at each
gaging station upstream of 1,200 ft to 1,300 ft altitude
from Honopou to Honomanu Streams (table 2). Esti-
mates of average annual base flow in gaged subbasins
west of Keanae Valley range from about 0.05 to 6.9
Mgal/d with the lowest estimates corresponding to gag-
ing stations at the highest altitudes (table 2). Base flow
in five subbasins for which awater budget was esti-
mated averages about 39 percent of the recharge to
these same subbasins (Shade, 1999). Therefore, about
60 percent of the recharge follows a deeper flow path
and either discharges from the high-elevation saturated
zone further downstream or infiltratesto the freshwater
lensand discharges at the coast. Not enough streamflow
records nor measurements are available to estimate the
ground-water dischargerate from the KulaVolcanicsat
atitudes lower than 1,200 ft. Measurementsin 11
streams west of Keanae Valley at 500 ft atitude show
gainstotaling about 1.9 Mgal/d downstream of 1,200 ft
atitude (table 2). Four of the streamswere dry at 500 ft
altitude.

Honopou Stream

Honopou Stream is headed at about 2,200 ft alti-
tude 5.3 mi inland along the eastern limit of the north
rift zone of East Maui Volcano (plate1). From sealevel,
the stream gradually risesto 600 ft atitude 1.9 mi from
the coast (agradient of about 320 ft/mi). At thisaltitude
the stream valley isincised 80 ft below the upland sur-
face. Along most of thislength, thevalley lieson alate
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flow of the Kula Volcanics (Stearns and Macdonald,
1942, fig. 11). Currently, streamflow is captured by
three of the surface-water diversion systems (table 4).

Honopou Stream has never been dry at any of the
four USGS gaging stations between 1,208 ft and 383 ft
dtitude (table 2, plate 1) although three diversions sys-
tems capture base flow in this altitude range. Base-flow
estimates from long-term streamflow records indicate
that the average annual gainsfrom ground water are 2.3
Mgal/d upstream of 383 ft altitude (station 5950) with
50 percent originating upstream of 1,208 ft altitude (sta-
tion 5870) (table 2, fig. 15A).

Plotsof the estimated base flow at pairs of adjacent
stations on the stream show alinear relation (fig. 16).
The slope of thelineis an indication of the rate the
stream is gaining base flow between the two gaging sta-
tions and the y-intercept of the regression line repre-
sentsthe amount of base flow at the downstream station
when the upstream station is dry. The data points used
in these plots were obtained from the daily base-flow
estimates that were cal culated from the base-flow sepa-
ration method. About 100 points (less than 2 percent of
the data) were filtered out manually because they were
results of obvious misfitting of the base-flow curve dur-
ing high-flow conditions. Because diversion systems
intercept al of the base flow between each gaging sta-
tion, the base flow measured at any one gaging station
is added to the total base flow measured at all gaging
stations upstream of the gaging station of interest to
obtain the total undiverted base flow at that gaging sta-
tion. Becausetheregression linesall have slopesgreater
than 1.0, apparently the stream has a net gain of water
between each gaging station, and the gain per unit
length of stream increases with decreasing stream alti-
tude.

The scatter of the data pointsaround the regression
line shows that the base-flow distribution along the
stream on any given day can vary significantly. This
indicates that flow measurements made during 1 day
along a stream will not provide a complete description
of the stream’ s base-flow characteristics. For example,
representative streamflow records showing low base-
flow conditions on 2 different days show gainsin base
flow range 0.4 to 1.0 Mgal/d between the highest and
lowest atitude gaging stations (table 6).

Inawater budget of the 0.65-mi? area upstream of
the highest-altitude gaging station, 5870, Shade (1999)
estimated that 5.36 Mgal/d of rainfall and 0.58 Mgal/d

of fog drip are apportioned into 1.93 Mgal/d of runoff,
1.30 Mgal/d of evapotranspiration, and 2.72 Mgal/d of
recharge (table 1, fig. 6). The estimated base flow at the
gaging station (1.21 Mgal/d) is about 44 percent of the
recharge to the subbasin.

Hoolawa Stream

Hoolawa Stream splitsinto two branches at 550 ft
atitude; Hoolawanui Stream to the west, headed at
2,400 ft dtitude, and Hoolawaliilii Stream to the east,
headed at 1,800 ft altitude (plate 1). The highest stream
head is5.5 mi inland along the eastern limit of the north
rift zone of East Maui Volcano. The stream gradually
rises from sealevel to 600 ft atitude 1.8 mi from the
coast (agradient of 330 ft/mi) and the stream valley is
incised 120 ft below the upland surface at this altitude.
Similar to Honopou Stream, Hoolawa Stream lies on
flows of the Kula Volcanics along most of its length
(Stearns and Macdonald, 1942, fig. 11) and streamflow
is currently captured by three of the surface-water
diversion systems (table 4).

Hoolawa Stream has never been dry at thetwo gag-
ing stations on branches upstream of the Wailoa Ditch
at 1,200 ft altitude (stations 5850 and 5860) (table 2,
plate 1). Base-flow estimates indicate that the average
annual gains from ground water are 2.68 and 2.34
Mgal/d for the west and east branches, respectively
(table 2, fig. 15B). Streamflow measurements made on
February 5, 1998 during low-flow conditions show
gainsin flow of 3.59 Mgal/d along the entire stream
length (table 7). On the basis of these measurements,
Hoolawa Stream does not appear to have any sections
that are losing water. Because the stream flows only on
the Kula Volcanics, it gains water continuously from
the high-elevation saturated zone all the way to the
coast.

In the Hoolawanui Stream water budget (Shade,
1999) of the 1.34-mi? area upstream of gaging station
5850, 12.48 Mgal/d of rainfall and 3.12 Mgal/d of fog
drip is apportioned into 5.13 Mgal/d of runoff, 2.39
Mgal/d of evapotranspiration, and 8.09 Mgal/d of
recharge (table 1, fig. 6). For Hoolawaliilii Stream, the
area upstream of gaging station 5860 is smaller, only
0.57 mi?, hence rainfall (5.18 Mgal/d), fog drip (0.45
Magal/d), runoff (2.52 Mgal/d), evapotranspiration (1.29
Mgal/d), and recharge (1.82 Mgal/d) are smaller. But
even though recharge for this subbasin is only about 22
percent of therechargeto Hoolawanui Stream subbasin,
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Table 6. Streamflow in Honopou Stream, northeast Maui, Hawaii
[ft, feet; Mgal/d, million gallons per day; 1933 data from Grover and Carson (1936); 1946 data from Paulsen (1950); gaging-station number is
preceded by 16 and endsin 00]

Cumulative
streamflow
Gaging- without
station Stream Altitude Streamflow diversion
number name (ft) Date (Mgal/d) (Mgal/d) Comments
5950 Honopou 383 10/21/33 0.29 0.54 Daily mean
715146 0.67 1.42
5930 Honopou 441 10/21/33 0.10 0.25 Daily mean; upstream of
7/5146 0.20 0.75 Halku Ditch diversion
5910 Honopou 557 10/21/33 0.05 0.15 Daily mean; upstream of
7/5/46 0.10 0.55 Lowrie Ditch diversion
5870 Honopou 1,208 10/21/33 0.10 0.10 Daily mean; upstream of
715146 0.45 0.45 Wailoa Ditch diversion

Table 7. Streamflow, temperature, specific conductance, and chloride concentration in Hoolawa Stream, February 5, 1998,
northeast Maui, Hawaii

[ft, feet; Mgal/d, million gallons per day; °C, degrees Celsius; pS/cm, microsiemens per centimeter; mg/L, milligrams per liter; --, not determined; all
altitudes estimated from U.S. Geological Survey topographic map, Haiku quadrangle; gaging-station number is preceded by 16 and endsin 00]

Cumulative Water
streamflow Water specific Chloride
Stream- without temper-  conduc- concen-
Station Altitude flow diversion ature tance tration
number Stream name (ft) (Mgal/d)  (Mgal/d) (°C) (uS/cm) (mgiL) Comments

Hoolawa 1 Hoolawa 15 0.19 359 184 161 34

Hoolawa 2 Hoolawa 315 0.08 3.47 20.9 126 25

Hoolawa 2a Hoolawa 420 0.00 -- -- -- -- Diversion takes all flow

Hoolawa 3 Hoolawa 450 0.25 3.39 195 97 19 Upstream of Haiku Ditch
diversion

Hoolawa 5 Hoolawanui 590 0.07 -- -- -- -- Diversion takes most flow

Hoolawa 6 Hoolawanui 600 0.25 1.49 -- -- 16 Upstream of Lowrie Ditch
diversion

Hoolawa 7 Hoolawanui 1,080 0.00 -- -- -- -- Diversion takes all flow

Hoolawa 8 Hoolawanui 1,210 124 124 16.2 54 9 Near gaging station 5850;
upstream of Wailoa Ditch
diversion

Hoolawa 9 Hoolawaliilii 590 0.03 -- -- -- -- Diversion takes most flow

Hoolawa 10 Hoolawaliilii 620 0.53 175 -- - 15 Upstream of Lowrie Ditch
diversion

Hoolawa 11 Hoolawaliilii 1,190 0.00 -- -- -- -- Diversion takes all flow

Hoolawa 12 Hoolawaliilii 1,220 122 122 14.9 55 10 Near gaging station 5860;
upstream of Wailoa Ditch
diversion

Hoolawa 12.1 unnamed tributary 1,200 0.01 -- - -- -
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Figure 17. Flow-duration curves showing the percentage of time a given
flow was equalled or exceeded at gaging stations 5850 and 5860 on
Hoolawa Stream, northeast Maui, Hawaii.

the average annual base flow is 87 percent of the Hoo-
lawanui Stream base flow. The amount of base flow in
Hoolawanui Streamisabout 33 percent of the estimated
recharge to the subbasin whilein Hoolawaliilii Stream,
the base flow is about 128 percent of the recharge esti-
mated for its subbasin (table 1). This probably indicates
that the ground-water divides are significantly different
than the topographic divides used in the water-budget
estimation and that part of the recharge attributed to the
Hoolawanui Stream subbasin actually belongsin the
Hoolawaliilii Stream ground-water subbasin. The spa-
tial distribution of the two subbasins al so supports this
conclusion because much of the Hoolawanui Stream
subbasin lies directly upslope of the Hoolawaliilii
Stream subbasin (fig. 3). The flow-duration curves of

the base flow at each gaging station show that even
though gaging station 5850 measured a higher average
annual base flow, base flow at gaging station 5860 is
higher about 50 percent of the time (fig. 17) indicating
that baseflow in Hoolawaliilii Streamismore persistent
than in Hoolawanui Stream.

Kailua Stream

Kailua Stream is headed at 4,000 ft altitude 11 mi
inland near several cinder cones along the eastern limit
of East Maui Volcano’s north rift zone (plate 1). The
stream risesfrom sealevel to 600 ft altitude 1.4 mi from
the coast (agradient of 420 ft/mi) and at thisaltitude the
stream valley isincised 120 ft bel ow the upland surface.
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Table 8. Streamflow in Kailua Stream, November 2, 1932, northeast Maui, Hawaii

[ft, feet; Mgal/d, million gallons per day; all atitudes estimated from U.S. Geological Survey topographic maps, Haiku and Kilohana quadrangles;
1932 flow data from Hofmann (1934) and daily-discharge data from Grover and Carson (1935); gaging-station number is preceded by 16 and ends

in 00]

Station Altitude Streamflow

number Stream name (ft) (Mgal/d) Comments
5770 Kailua 1,250 1.70 Daily mean at gaging station; upstream of Wailoa

Ditch diversion

5740 Kailua 3,080 0.04 Daily mean at gaging station

Kailua 30 East Branch Kailua Stream 2,420 0.05

Kailua 40 East Branch Kailua Stream 2,980 0.00

Kailua41l East Branch Kailua Stream 3,080 0.03
5750 Tenth Branch Kailua Stream 3,100 0.03 Daily mean at gaging station
5760 Ninth Branch Kailua Stream 3,080 0.06 Daily mean at gaging station

The stream valley lies on aflow of the Kula Volcanics
along much of itslength but Honomanu Basalt outcrops
at the ocean (Stearns and Macdonald, 1942, fig. 11).
Oanui Stream forms atributary to the west at 1,200 ft
atitude. Streamflow is captured by all six surface-water
diversion systemsbut the highest systemsprobably only
capture surface runoff (table 4).

Kailua Stream has never been dry at the five gag-
ing stations upstream of the Wailoa Ditch, which is at
1,200 ft altitude (table 2, plate 1). The average annual
gainsfrom ground water are 4.2 Mgal/d between 3,080
ft (station 5745) and 1,253 ft altitude (station 5770)
(table 2, fig. 15C). Streamflow measurements made at
three sites on November 2, 1932 (Hofmann, 1934) and
concurrently at four gaging stations (Grover and Car-
son, 1935), show gainsin flow of 1.6 Mgal/d between
3,080 ft and 1,250 ft altitude during low-flow condi-
tions (table 8). A stream section on the East Branch at
about 3,000 ft altitude lost 0.03 Mgal/d of water and
went dry, but by 2,420 ft atitude, it had gained al of
thiswater plus 50 percent more back (Hofmann, 1934).
This apparent lossis most likely because plastering
lavas of the Kula Volcanics have atered the surface of
the previous stream channel, allowing water to flow
beneath some younger lava flows before reemerging
further downstream. No data or observations are avail-
ableto determineif the stream loses water where it
flows over the Honomanu Basalt near the coast.

The area upstream of gaging station 5770 is2.39
mi2 and in the water budget (Shade, 1999), 23.92
Mgal/d of rainfall and 7.22 Mgal/d of fog drip is appor-
tioned into 15.17 Mgal/d of runoff, 3.62 Mgal/d of
evapotranspiration, and 12.36 Mgal/d of recharge (table

1, fig. 6). The estimated base flow at the gaging station
is about 35 percent of the recharge to the subbasin.

Nailiilihaele Stream

Nailiilihaele Stream is headed near an unnamed
cinder cone at 3,400 ft altitude 9 mi inland from the
coast (plate 1). The stream rises from sealevel at the
same gradient (420 ft/mi) as adjacent Kailua Stream,;
the stream valley isincised to the same depth (120 ft)
and is also floored by aflow of the Kula Volcanics
(Stearns and Macdonald, 1942, fig. 11). Streamflow is
captured by four of the surface-water diversion systems,
the highest of which probably captures only surface
runoff (table 4).

Of thefive gaging stationson Nailiilihaele Stream,
only one (station 5700) was a continuous-record station
with along period of record (Fontaine, 1996). Gaging
stations 5690 and 5710 have records of lessthan ayear
and gaging stations 5691 and 5697 were low-flow par-
tial-record stations where only afew measurements
were made. The stream was never dry at 1,205 ft alti-
tude during 191975 (station 5700) (table 2, plate 1).
Base-flow estimates using this long-term record indi-
cate that the average annual gain from ground water
upstream of this gaging station is 6.92 Mgal/d (table 2,
fig. 15D). Most of this gain islikely made downstream
of 2,820 ft altitude because gaging station 5691 mea-
sured periods of no flow at that altitude. Representative
streamflow records from 2 days when the three gaging
stations were operating concurrently show that base
flow isvariable and total gainsin flow ranged from 2.48
to 11.25 Mgal/d during base-flow conditions (U.S. Geo-
logical Survey, 1967, and 1969) (table 9).
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Table 9. Streamflow in Nailiilihaele Stream, northeast Maui, Hawaii

[ft, feet; Mgal/d, million gallons per day; --, not determined; 1966 datafrom U.S. Geological Survey (1967); 1967 datafrom U.S. Geologica Survey (1969);
gaging-station number is preceded by 16 and endsin 00]

Cumulative
streamflow
Gaging- without
station Stream Altitude Streamflow diversion
number name (ft) Date (Mgal/d) (Mgal/d) Comments
5700 Nailiilihaele 1,205 11/28/66 10.99 11.25 Daily mean; upstream of Wailoa Ditch diversion
10/4/67 2.46 248
5691  Nailiilihaele 2,820 11/28/66 0.03 - Instantaneous measurement; downstream of
10/4/67 0.00 - Lower Kula Pipeline diversion
5697  West Branch 2,860 11/28/66 0.26 0.26 Instantaneous measurement; upstream of L ower
Nailiilihaele 10/4/67 0.03 0.03 KulaPipeline diversion
In awater budget of the 3.61 miZ area upstream of Table 10. Streamflow in selected streams, March 16-20,
gaging station 5700, Shade (1999) estimated that 34.79 [1f93/2& ”betfheaSt Mana F,:Aa\';'l%i I ol
. P t°/s, cubic feet per second; Mgal/d, million gallons per day; ata
Mgal/d of rainfall and 8.81 Mgal/d of fog drip is appor- from unpublished notesin files at U.S. Geological Survey, Honolulu,
tioned into 17.46 Mgal/d of runoff, 6.30 Mgal/d of Hawaii of H.T. Stearns, January 8, 1942 referencing earlier

evapotranspiration, and 19.84 Mgal/d of recharge (table bttt A 'ftajt:\t"uzuei]'”igaﬂon Co. Inc.; all measurements
1, fig. 6). The estimated base flow at the gaging station

is about 37 percent of the recharge estimated for the Site name Streamflow  Streamflow
subbasin. (plate 1) Stream name (ft°/s) (Mgal/d)
E1l Pa Stream 0.31 0.2
Oopuola Stream E2 Oopuola Stream 0.00 0.0
E3 Kaaiea Stream 0.15 0.1
Oopuola Stream is headed at 1,900 ft altitude 4 mi E4 Kolea Stream 0.16 0.1
inland from the coast (plate 1). This stream rises from E5 Waikamoi Stream 0.31 0.2
sea level to 600 ft atitude 1.2 mi from the coast (agra- E6 Wahinepee Stream 0.46 0.3
dient of 490 ft/mi) and the stream valley isincised 200 E7 Puohokamoa Stream ~ 0.16 01
ft below the upland surface at this altitude. For 2,000 ft E8 Haipuaena Stream 0.00 00
inland, the stream valley has eroded into the Honomanu E9 Punalau Stream 0.00 00
E10 Honomanu Stream 0.00 0.0

Basdlt, upstream it lies on lavaflows of the KulaVolca

nics (Stearns and Macdonald, 1942, fig. 11). Stream- Ell leaalua Stream 031 02
flow is captured by two of the surface-water diversion El2 Pinaau Stream 047 03
E13 Waiokamilo Stream 3.7 24
systems (table 4). E14  Wailuanui Stream 031 02
During 1930-57, gaging station 5660 was operated E15 WestSt\ﬁVegilth]Jai ki 0.78 05

at 1,205 ft atitude and Oopuola Stream was never dry L
(table 2, plate 1). The estimated average annual base E10 Eass‘t’rvé“;rﬁa' “ 03t 02
flow at this gaging station is 0.39 Mgal/d (table 2, fig. E17  KopiliulaStream 0.00 0.0
15E). Gaging station 5670 was operated during 1910— E18  PugkaaStream 0.62 0.4
15 at 960 ft altitude (Grover and Larrison, 1917) but E19  Waiohue Stream 0.62 0.4
upstream, the New HamakuaDitch diverted only part of E20  Paskea Stream 28 18
the streamflow so it isimpossible to estimate what per- E21  Waiaska Stream 0.62 04
centage of the recorded flow originated downstream of 22 KapaulaStream 2.3 L5
E23 Hanawi Stream 20.5 13.2

the diversion point. This stream was observed to be dry

inMarch 1928 by EMI personnel at about 500 ft altitude
during aperiod of low flow (table 10). On May 5, 1998,
the author observed a small flow of water over a 50-ft
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high waterfall 2,000 ft upstream from the coast at 40 ft
atitude. This flow seeped into the streambed within a
few hundred feet downstream of the waterfall and the
stream was dry at the coast. The waterfall seemed to be
formed by athick lavaflow thought to be part of the
KulaV ol canics and the stream went dry on thin-bedded
lavaflowsthought to be the Honomanu Basalt. A water
budget was not calculated for this stream subbasin.

Kaaiea Stream

Kaaiea Stream is headed near 3,000 ft altitude
between Nailiilihagle and Waikamoi Streams (plate 1).
Thestream risesfrom sealevel at asteep gradient to 600
ft atitude 0.6 mi from the coast (a gradient of 1,000
ft/mi) and the stream valley isincised 200 ft below the
upland surface. Thevalley lieson the Honomanu Basalt
for 1,000 ft from the coast and the Kula 'V olcanics from
thereto the headwaters (Stearns and Macdonald, 1942).
Streamflow is captured by three of the surface-water
diversion systems (table 4).

Kaaiea Stream was never dry during 192162 at
gaging station 5650 at 1,310 ft altitude (table 2, plate 1).
Base-flow estimates from long-term streamflow
records indicate that the average annual gains from
ground water are about 1.13 Mgal/d upstream of this
altitude (table 2, fig. 15F). A measurement made by
EMI personnel during aperiod of low flow at 500 ft alti-
tude showed a streamflow of 0.1 Mgal/d (table 10). All
of this water was gained downstream of the lowest
diversion system at 700 ft altitude. No water budget was
calculated for this stream subbasin.

Waikamoi Stream

Waikamoi Stream is one of the longer streamsin
the study area. The stream is8.5 mi long from the ocean
to the head of severa tributaries near Hosmer Grove
Spring at 6,560 ft altitude (plate 1). Alo Stream, amajor
tributary, branches to the east at about 840 ft atitude.
Waikamoi Stream rises from sealevel to 600 ft altitude
0.8 mi from the coast (agradient of 790 ft/mi) and at this
atitude the stream valley isincised 280 ft below the
upland surface. Waikamoi Stream lies on Honomanu
Basalt for 3,000 ft from the coast and then on KulaVol-
canicsto the stream head where cinder cones of the vol-
cano’s north rift zone are located (Stearns and
Macdonald, 1942). Streamflow is captured by five
surface-water diversion systems (table 4).

Waikamoi Stream has not gone dry at any of the
gaging stations downstream of 3,000 ft atitude during
the periods of record despite the presence of Upper and
Lower Kuladiversion systems (table 2, plate 1). The
stream has gone dry upstream of these diversion sys-
tems at gaging stations 5530 (4,250 ft altitude), 5528
(4,487 ft altitude), and 5526 (5,750 ft atitude). Base
flow at 3,000 ft atitude in the two stream branches
above gaging stations 5540 and 5545 is 1.7 Mgal/d and
increases to 3.02 Mgal/d at 1,300 ft altitude (station
5550), again of 1.3 Mgal/d (table 2, fig. 15G—H). Alo
Stream, headed at about 2,400 ft altitude, also gains an
average of about 1.3 Mgal/d upstream of 1,248 ft alti-
tude (station 5570), but along a shorter stream distance
(plate 1).

Streamflow measurements made on October 18
and 24, 1994 during low-flow conditions show gainsin
flow of 1.68 Mgal/d between 3,160 ft and 490 ft altitude
(table 11). The cumulative streamflow data were
obtained by converting the October 24 measurementsto
equivalent October 18 measurements using aratio of
flow measurements made at site Waikamoi 33 on both
days. Measurements were not made downstream of 490
ft atitude because the terrain prevented access. On the
basis of the streamflow measurements, Waikamoi
Stream (1) appears to be perennial upstream of 500 ft
dtitude and at theleast downstream of 3,000 ft altitude,
and possibly ashigh as 4,200 ft altitude and (2) does not
have any measured sections that are losing water. No
measurements were made where the stream flows on
the Honomanu Basalt.

In the Waikamoi Stream water budget (Shade,
1999) of the 2.46-mi? area upstream of gaging station
5280, 9.19 Mgal/d of rainfall and 1.18 Mgal/d of fog
drip is apportioned into 1.29 Mgal/d of runoff, 3.22
Mgal/d of evapotranspiration, and 5.87 Mgal/d of
recharge (table 1, fig. 6). Because the gaged subbasin
lies at higher altitudes with less precipitation than the
rest of the subbasinsincluded in Shade’ s study (fig. 3),
it has asmaller ratio of precipitation to the stream sub-
basin area(fig. 6). Hence, the water-budget components
areall proportionately smaller. Theamount of baseflow
estimated from the streamflow record is only about 1
percent of the recharge to the subbasin (table 1). Most
of the rechargeis apparently following deeper ground-
water flow paths and discharging downgradient of this
gaging station.
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Table 11. Streamflow, temperature, and specific conductance in Waikamoi Stream, northeast Maui, Hawaii

[ft, feet; Mgal/d, million gallons per day; °C, degrees Celsius; uS/cm, microsiemens per centimeter; --, not determined; all altitudes estimated from U.S.
Geologica Survey topographic maps, Haiku, Keanae, and Kilohana quadrangles; measured flow from October 24 was scaled by 0.828 to make flow
equivalent to October 18 flow for cumulative flow calculation; 1931 flow datais from Hofmann (1934); all other datais unpublished in files of U.S.
Geological Survey, Hawaii District office]

Cumulative
streamflow
without
diversion, Water Water
October 18, tempera- specific
Station Altitude Streamflow 1994 ture conductance
number Stream name (ft) Date (Mgal/d) (Mgal/d) (°C) (uS/cm) Comments
Waikamoi 7a  Waikamoi 490 10/18/94 0.14 1.68 22.0 108
Waikamoi 8 unnamed 500  10/18/94 - -- 219 87 Tributary from spring on
tributary east bank
Waikamoi 8a  Waikamoi 510 10/18/94 0.11 1.65 21.9 153
Waikamoi 9  Waikamoi 515  9/10/95 - -- 219 153 Waikamoi Spring at 515
ft, on west bank at
highway
Waikamoi 9a  Waikamoi 520  10/18/94 - -- 21.2 119 Waikamoi Spring at 520
9/10/95 -- -- 22.8 119 ft, on east bank
Waikamoi 10  Waikamoi 530 10/18/94 0.02 1.56 23.0 84
Waikamoi 11 ~ Waikamoi 680 10/18/94 0.01 154 222 74 Most flow diverted
Waikamoi 14  Waikamoi 720  10/18/94 0.37 154 224 80 Upstream of Manuel
Luis Ditch diversion
Waikamoi 15  Waikamoi 760 10/18/94 0.32 1.50 22.8 78
Waikamoi 16  Waikamoi 820 10/18/94 0.36 153 23.3 75 Downstream of conflu-
ence with Alo Stream
Waikamoi 17  Waikamoi 860  10/18/94 0.15 132 232 81 Upstream of confluence
with Alo Stream
Waikamoi 29a Alo 1,210 10/24/94 0.69 -- 20.3 42 Upstream of Wailoa
Ditch diversion
Waikamoi 32  Waikamoi 1,190 10/18/94 0.01 1.19 -- --
Waikamoi 33  Waikamoi 1,250 10/18/94 0.53 1.19 21.8 42 Upstream of Wailoa
10/24/94 0.64 -- 20.2 40 Ditch diversion
Waikamoi 40  Waikamoi 1,780 10/24/94 0.55 111 20.6 37
Waikamoi 45  Waikamoi 2,360 10/24/94 0.33 0.93 194 36 Downstream of conflu-
ence with East Branch
Waikamoi
Waikamoi 45a Waikamoi 2,420 10/20/31 0.34 -- -- --
(east branch)
Waikamoi 45b  Waikamoi 2,560 10/20/31 0.20 -- -- --
(east branch)
Waikamoi 46  Waikamoi 2,375  10/24/94 0.19 0.82 18.0 36 Upstream of East Branch
Waikamoi
Waikamoi 55a flume inflow 3,135 10/18/94 0.13 - 185 18
Waikamoi 56  Waikamoi 3,160 10/18/94 0.72 0.72 19.0 38 Upstream of flume inflow
Waikamoi 60  Waikamoi 4,270  10/18/94 0.00 0.00 -- - Downstream of Upper
Kula Pipeline diver-
sion dam
Waikamoi 65  Waikamoi 4,500 10/18/94 0.02 0.02 16.0 16
Waikamoi 72  Waikamoi 6,290 10/17/94 0.00 0.00 -- --
Waikamoi 73 ~ Waikamoi 6,400 10/17/94 0.00 0.00 -- --
(west branch)

2 Egtimated flow
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Table 12. Streamflow in Puohokamoa Stream, northeast Maui, Hawaii

[ft, feet; Mgal/d, million gallons per day; all altitudes estimated from U.S. Geologica Survey topographic maps, Haiku, Keanae, Kilohana, and Nahiku
quadrangles; 1920 flow datafrom Hofmann; written commun. to Foss, 11/17/32, in U.S. Geological Survey Hawaii District files and daily-discharge datafrom
Grover and Stewart (1924); 1932 and 1933 flow data from Hofmann (1934) and daily-discharge data from Grover and Carson (1935); all 1962 datafrom U.S.
Geologica Survey (undated[a]); 1963 daily-discharge data from U.S. Geologica Survey (undated[b]); gaging-station number is preceded by 16 and endsin

00]
Station Stream Altitude Streamflow
number name (ft) Date (Mgal/d) Comments
5450 Puohokamoa 1,322 1920 1.60 Daily mean at gaging station; upstream of
2/3/20 1.60 Spreckels Ditch diversion
10/29/32 1.20
10/30/32 1.70
6/12/33 2.60
4/10/62 3.62
4/11/63 2.59
Puohokamoa 11 Puohokamoa 1,500 1920 1.53
Puohokamoa 12 Puohokamoa 1,650 1920 1.49
Puohokamoa 13 Puohokamoa 1,900 1920 1.20
Puohokamoa 14 Puohokamoa 2,050 1920 0.96
Puohokamoa 19 West Branch 2,440 10/30/32 0.40
Puohokamoa
5440 West Branch 2,800 2/3/20 0.40 Daily mean at gaging station
Puohokamoa 10/30/32 0.36
4/11/63 0.21
Puohokamoa 21 West Branch 2,850 4/10/62 0.28
Puohokamoa
Puohokamoa 29 Middle Branch 2,400 6/12/33 0.26
Puohokamoa
5430 Middle Branch 2,900 2/3/20 0.20 Daily mean at gaging station
Puohokamoa 6/12/33 0.31
4/10/62 0.32
4/11/63 0.15
Puohokamoa 31 Middle Branch 3,080 4/10/62 0.28
Puohokamoa
Puohokamoa 32 Middle Branch 3,200 4/10/62 0.14
Puohokamoa
Puohokamoa 39 East Branch 2,460 10/29/32 0.25
Puohokamoa
5420 East Branch 2,800 2/3/20 0.05 Daily mean at gaging station
Puohokamoa 10/29/32 0.14
4/11/63 0.13

Puohokamoa Stream

Puohokamoa Stream splits into three main
branches at 2,100 ft altitude; the longest isthe middie
branch that is headed at 4,400 ft altitude 6.4 mi inland
(plate 1). The stream rises steeply from sealevel to 600
ft atitude 0.6 mi from the coast (agradient of 930 ft/mi)
and at this altitude the stream valley isincised 200 ft
below the upland surface. With the exception of 3,000
ft of Honomanu Basalt at the coast, this stream lieson
lavaflows of the Kula Volcanics along most of its
length (Stearns and Macdonald, 1942). Streamflow is
captured by five of the surface-water diversion systems
(table 4).

Puohokamoa Stream was never dry during 1913—
71 at gaging station 5450 at 1,322 ft altitude (table 2,
plate 1). At the gaging stations at about 2,800 ft atitude

on the three stream branches, streamflow was perennial
in the west (station 5440) and middle (station 5430)
branches but went dry in the shorter east (station 5420)
branch during 191927 when the gaging stations were
operated concurrently. Base-flow estimates from long-
term streamflow records indicate that the average
annual gains from ground water are about 5.46 Mgal/d
upstream of 1,322 ft altitude, 2.8 Mgal/d of thisflow is
gained downstream of 2,800 ft altitude (table 2, fig.
151).

Several sets of streamflow measurements in sec-
tions of the stream branches a so show continuous
streamflow gains upstream of 1,300 ft altitude (table
12). Measurements were made sometimein the 1920's
between 2,050 and 1,300 ft altitude that show a gain of
about 0.6 Mgal/d (written commun. from J.H. Hofmann
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to JH. Foss, November 17, 1932 in USGS Hawaii Dis-
trict files). Streamflow datafrom February 3, 1920 con-
firm this pattern (table 12). Measurements were also
made on October 29-30, 1932 and June 12, 1933
between 2,900 ft and 2,400 ft altitude during base-flow
conditions that show gains of about 0.1 Mgal/d in the
east and west branches and a slight loss of about 0.05
Mgal/d in the middle branch (Hofmann, 1934). The lat-
ter measurement representsonly a5 percent difference
between the upstream and downstream measurements,
therefore, thisvalue is probably about the same magni-
tude as the measurement error inherent in the method
used in that particular study. Four measurements were
made on April 10, 1962, three on the middle branch
between 3,200 ft and 2,900 ft atitude and one on the
west branch at 2,850 ft atitude (U.S. Geological Sur-
vey, undated [a]). These measurements show a gain of
about 0.2 Mgal/d in the middle branch. A measurement
made in March 1928 by EMI shows again of about 0.1
Mgal/d between 900 ft and 500 ft altitude (table 10). No
measurements were made where the stream flows over
the Honomanu Basalt. No water budget was cal culated
for the Puohokamoa Stream subbasin.

Haipuaena Stream

Haipuaena Stream is headed near 5,200 ft atitude
between Waikamoi and Honomanu Streams, 6.5 mi
from the coast (plate 1). The Haipuaena Stream valley
issimilar in gradient and incision to adjacent Puohoka-
moa Stream valley at 600 ft altitude but is steeper at the
coast. The contact between the Honomanu Basalt and
the overlying Kula Volcanicsis within 1,000 ft of the
shore, which accounts for the steep gradient of
Hai puaena Stream near the coast (Stearns and Mac-
donald, 1942). Streamflow is captured by five of the
surface-water diversion systems (table 4). In addition,
water was diverted at 1,880 ft altitude into Kolea
Stream to the east from 1938 to 1960 to generate elec-
tricity.

Seven gaging stationswere operated on Hai puaena
Stream and two of the diversion ditches (Fontaine,
1996) (table 2, plate 1). At the Upper KulaPipeline near
4,300 ft atitude, gaging station 5310 recorded the
diverted flow and gaging station 5311 recorded stream-
flow past the diversion. These two records were added
together to obtain the total flow at this atitude (0.97
Mgal/d) and the estimated average annual base flow
(0.14 Mgal/d) for 194767 (fig. 15J). Three gaging sta-

tions measured flow for lessthan ayear on three stream
branches at about 2,900 ft altitude. Streamflow diverted
into Kolea Stream wasmeasured at gaging station 5350.
This record was added to the streamflow record from
gaging station 5360 (1,512 ft altitude) upstream of
Spreckels Ditch to obtain arecord of the total stream-
flow (table 2) and a base-flow estimate at this altitude
(fig. 15J). The base-flow estimates indicate that the
average annual gainsfrom ground water are 2.5 Mgal/d
between 4,300 ft and 1,500 ft altitude.

Streamflow measurements were al o made on two
occasions along severa stream sections (table 13, plate
1). Measurements were made sometime in the 1920's
between 2,860 and 1,510 ft altitude that show continu-
ous gains totaling about 0.9 Mgal/d (written commun.
from J.H. Hofmannto J.H. Foss, November 17, 1932 in
USGS Hawaii Didtrict files). Streamflow datafrom
gaging stations 5360 and 5320 on two datesin 1962 and
1965 confirm this pattern (table 13). Measurements
were also made on October 13, 1932 between 2,860 ft
and 2,500 ft atitude during low base-flow conditions
(table 13). These measurements, along with concurrent
records from gaging stations, show again of about 0.1
Mgal/d in this short reach of the main branch of
Haipuaena Stream (Hofmann, 1934). Overal,
Haipuaena Stream appears to gain water continuously
upstream of 1,500 ft altitude from at least as high as
4,300 altitude. EMI recordsfrom March 1928 show that
the stream was dry at about 500 ft altitude indicating no
gaininflow downstream of thelowest diversion system
at about 900 ft altitude (table 10). A water budget was
not estimated for this subbasin.

Honomanu Stream

Honomanu Stream is one of thelongest streamsin
the study area (8.7 mi) and headed at one of the highest
atitudes (7,800 ft) (plate 1). The stream also hasthe
most deeply incised valley in the study area (excluding
Keanae Valley), nearly 1,000 ft below the upland sur-
face at 600 ft altitude. Accordingly, the stream gradient
near the coast islow compared with adjacent streams,
about 470 ft/mi. Honomanu Basalt is well exposed
along the valley walls and floor for 2.5 mi from the
coast but upstream of this point (1,600 ft atitude) only
KulaVolcanics are present (Stearns and Macdonald,
1942). Unconsolidated alluvial depositsarefound asfar
as 3,000 to 4,000 ft upstream from the coast. Stream-
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Table 13. Streamflow in Haipuaena Stream, northeast Maui, Hawaii

[ft, feet; Mgal/d, million gallons per day; all atitudes estimated from U.S. Geologica Survey topographic maps, Keanae, Kilohana, and Nahiku quadrangles;
1920 flow datafrom Hofmann; written commun. to Foss, 11/17/32, in U.S. Geological Survey Hawaii District files; 1932 flow data from Hofmann (1934) and
daily-discharge data from Grover and Carson (1935); 1963 daily-discharge data from U.S. Geologica Survey (undated[b]); 1965 daily-discharge data from
U.S. Geological Survey (1967); gaging-station number is preceded by 16 and ends in 00]

Station Stream Altitude Streamflow
number name (ft) Date (Mgal/d) Comments
5360 Haipuaena 1,512 1920 1.10*  Daily mean at gaging station; upstream of
10/13/32 0.70 Spreckels Ditch diversion
10/18/62 1.00
1/12/65 1.00
Haipuaena 20 Haipuaena 1,750 1920 0.832
Haipuaena 30 Haipuaena 1,850 1920 0.972
Haipuaena 40 Haipuaena 1,950 1920 0.612
Haipuaena 41 Third Branch 2,000 1920 0.112
Haipuaena
Haipuaena 42 Haipuaena 2,000 1920 0.50%
Haipuaena 50 Haipuaena 2,500 1920 0.36%
10/13/32 0.39
Haipuaena 51 Haipuaena 2,580 10/13/32 0.35
Haipuaena 52 Haipuaena 2,680 10/13/32 0.30
Haipuaena 53 Haipuaena 2,800 10/13/32 0.29
5320 Haipuaena 2,860 1920 0.20? Daily mean at gaging station; upstream of
10/13/32 0.26 Lower Kula Pipeline diversion
10/18/62 0.23
1/12/65 0.24
5340 First Branch 3,000 10/13/32 0.01 Daily mean at gaging station
Haipuaena
5330 Third Branch 2,950 10/13/32 0.10 Daily mean at gaging station
Haipuaena
5310; 5311 Haipuaena 4,320 10/18/62 0.03 Combined flow at gaging stations; at Upper
1/12/65 0.07 Kula Pipeline diversion

2 |nstantaneous measurement

flow is captured by three of the surface-water diversion
systems (table 4).

Honomanu Stream has never been dry at gaging
station 5270 immediately upstream of the Spreckels
Ditch at 1,733 ft atitude nor at gaging stations 5240,
5260, and 5250 at 2,900 ft altitude on three stream
branches (table 2, plate 1). Base-flow estimates from
the two long-term streamflow records on the main
branch indicate that the average annual gains from
ground water are about 0.6 Mgal/d between gaging sta-
tion 5240 at 2,900 ft altitude and gaging station 5270 at
1,733 ft atitude (table 2, fig. 15K). Independent sets of
streamflow measurementswere made three times (table
14). Measurements were made sometimein the 1920's
between 3,030 ft and 1,733 ft atitude that show again
of about 1.6 Mgal/d (written commun. from J.H. Hof-
mannto J.H. Foss, November 17, 1932in USGSHawaii
Disgtrict files). Streamflow data from August 19, 1920
confirm this pattern (table 14). A set of measurements

along a 3,000-ft section between 2,900 ft and 2,500 ft
atitude on October 7, 1932 shows gains of about 0.10
Mgal/d (Hofmann, 1934). As part of this study, stream-
flow measurements were made on June 20, 1995
between 3,050 ft atitude and the coast. These measure-
ments show atotal gain of about 1 Mgal/d upstream of
1,733 ft dtitude and aminor gain downstream to about
360 ft altitude. EMI recordsindicate that the stream was
dry in March 1928 at about 500 ft altitude (table 10).
Because severa waterfalls make accessto the stream at
500 ft altitude difficult, this measurement was likely
made at the base of the falls near 360 ft altitude. Down-
stream of 360 ft altitude (Honomanu 10a, plate 1, at the
base of alarge waterfall), base flow decreased and the
stream was dry between 90 ft and 2 ft atitude. During
low-flow conditions no total gain downstream of about
1,733 ft altitude probably exists until closeto sealevel.
Near sealevel, about 1.4 Mgal/d of flow issuesfrom
several springsin the Honomanu Basalt. These springs
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are likely issuing from the top of the freshwater lens.
The stream valley downstream of the waterfall is
floored by aluvia deposits al the way to the coast so
the springs could also represent streamflow which had
been lost to interbed flow reemerging near sealevel.

A water budget was calculated for the 2.55-mi?
areaupstream of gaging station 5240 (Shade, 1999). In
the water budget, 19.63 Mgal/d of rainfall and 6.05
Magal/d of fog drip is apportioned into 7.05 Mgal/d of
runoff, 3.65 Mgal/d of evapotranspiration, and 14.98
Mgal/d of recharge (table 1, fig. 6). The amount of base
flow in this subbasin is only about 5 percent of the esti-
mated recharge to the subbasin. Therefore, it appears
likely that most of the recharge follows deeper ground-
water flow paths and eventually discharges further
downgradient offshore or at the shoreline.

In and East of Keanae Valley

The USGS surface-water gaging stationsin the
study area east of Keanae Valley were at stream sites
both in the Kula Vol canics and the Hana Vol canics. No
USGS gaging stationswerein Keanae Valley. Because
the rocks east of Keanae Valley are considered to be
fully saturated, al of the base flow measured at each of
the sites represents ground-water discharge from the
vertically extensive freshwater-lens system.

None of the gaged streams east of Keanae Valley
have gone dry near 1,300 ft altitude during the period
they were gaged. The total average annual streamflow
of these gaged streamsis 109 Mgal/d at 1,300 ft alti-
tude. It is not possible to estimate the total average
annual streamflow at the coast from existing records
because of the scarcity of gaging stations and the pres-
ence of thediversion systems, which intercept nearly all
base flow and an unknown percentage of higher stream-
flow. No streamflow-gaging stations were operated at
higher altitudesin this part of the study area, soitisnot
possible to say at what altitudes these streams become
perennial on the basis of long-term records. Two
streams (West Wailuaiki and Hanawi) were flowing
during low-flow conditions at altitudes greater than
3,000 ft during field visits for this study.

Total average daily ground-water discharge to
gaged streams upstream of 1,200 ft altitude in the Kula
and Hana Volcanicsis 27 Mgal/d, most of whichis

removed from the streams by surface-water diversion
systems. This number was estimated by adding the esti-
mated base flow at each gaging station from Wailuanui
to Hanawi Streams at about 1,300 ft altitude (table 2).
Base flow in the five gaged subbasinsin this area for
which awater budget was estimated averages 27 per-
cent of the recharge to these same subbasins. An addi-
tional 10 Mgal/d or more of ground water is estimated
to be captured directly by the tunnels and ditches above
1,300 ft atitude. About 22 Mgal/d of ground water dis-
charges through the Kula and Hana Vol canics at alti-
tudes between about 500 and 1,300 ft in the gaged
stream subbasins. Of this22 Mgal/d, about 13 Mgal/dis
measured in Hanawi Stream. The total ground-water
discharge above 500 ft altitude in this part of the study
areais greater than 59 Mgal/d. About 10 Mgal/d dis-
chargesfrom four springsin Keanae Valley at or below
1,000 ft altitude (Stearns and Macdonald, 1942, p. 212).

Waiokamilo Stream

Waiokamilo Stream is headed at about 3,500 ft
atitude about 5 mi inland on the upland surface east of
Keanae Valley (plate 1). The stream has aflat gradient
near the coast where it flows on Hana Vol canics that
covered alluvium at the mouth of Keanae Valley
(Stearnsand Macdonald, 1942). At about 2.5 mi inland,
at the east wall of Keanae Valley, the stream altitude
abruptly increasesfrom about 800 ft up to 1,200 ft along
the next 2,000 ft of stream length. The stream lies on
Hana Volcanics along its entire length (Stearns and
Macdonald, 1942). All base flow is captured by the
Koolau Ditch diversion system at about 1,300 ft altitude
(table 4). Several other diversions capture water for taro
cultivation in the Wailua area.

Streamflow measurements made on May 11, 1999
during low-flow conditions show that the stream was
dry from the Koolau ditch diversion as far downstream
as Akeke Spring. The stream gained about 3.8 Mgal/d
from the spring which discharges from aridge of Hono-
manu Basalt (table 15). Downstream from the spring all
the way to the coast, the stream loses water to the sub-
surface and to at least three diversions. The stream
flows on Hana Vol canics along the entire section of
stream that islosing water. The vertically extensive
freshwater-lens system appears to exist in the Hono-
manu Basalt, but bel ow thefloor of Waiokamilo Stream
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Table 15. Streamflow, temperature, and specific conductance in Waiokamilo Stream, May 11, 1999, northeast Maui, Hawaii
[ft, feet; Mgal/d, million gallons per day; °C, degrees Celsius; pS/cm, microsiemens per centimeter; --, not determined; all altitudes estimated from U.S.

Geological Survey topographic map, Keanae and Nahiku quadrangles)

Stream- Water Water specific

Station Stream Altitude flow temperature  conductance

number name (ft) (Mgal/d) (°C) (uS/cm) Comments
Waiokamilo 1 Waiokamilo 80 0.47 -- -
Waiokamilo 2 Waiokamilo 110 0.52 - -- Includes some return flow from taro patch
Waiokamilo 3.1  Waiokamilo 220 0.36 - --
Waiokamilo 3.2  diversion 220 0.70 -- - Taro-patch diversion
Waiokamilo 4.1  Waiokamilo 240 0.23 19.92 1232 Includes flow from unnamed spring
Waiokamilo 4.2 Hamau 250 0.83 20.32 1352 Tributary to Waiokamilo Stream
Waiokamilo 5 Waiokamilo 440 2.40 19.1 139 Diversion takes nearly al flow
Waiokamilo 6 Waiokamilo 560 3.66 19.6 137 Upstream from taro-patch diversion
Waiokamilo 7 diversion 540 0.25 - - Diversion to taro patch
Waiokamilo 8 Waiokamilo 720 3.80 189 147 Downstream from Akeke Spring
Waiokamilo 9 Waiokamilo 750 0.00 - - Upstream from Akeke Spring

2Measured May 28, 1999

in the overlying Hana Volcanics. A water budget was
not calculated for this stream basin.

Wailuanui Stream

Wailuanui Stream splitsinto two branchesat 940 ft
altitude; the head of thewest branch, at 5,600 ft altitude,
is7 mi inland and the head of the east branch, at 2,400
ft atitude, is 3.4 mi inland (plate 1). The stream has a
relatively flat gradient near the coast wherethevalley is
floored on aluvia deposits and on a small section of
Hana Volcanics that flowed from Keanae Valley
(Stearns and Macdonald, 1942). At 3,400 ft inland, the
stream altitude abruptly increases from 200 ft to 800 ft
along the next 1,000 ft of stream length as the stream
valley crosses over Honomanu Basalt into Kula Volca
nics. Upstream of 1,200 ft atitude, the West Branch
Wailuanui Stream contains aflow of the Hana Volca-
nics which originally reached the ocean but has since
been eroded away (Stearns and Macdonald, 1942). All
base flow in both stream branches is captured by the
Koolau Ditch diversion system at 1,300 ft altitude (table
4).

Thetwo branches of Wailuanui Stream have never
been dry at gaging stations 5190 and 5200 at about
1,300 ft altitude nor at gaging station 5210 at 620 ft alti-
tude (table 2, plate 1). Base-flow estimatesindicate that
the average annual gains from ground water are 2.24
and 1.65 Mgal/d for the west and east branches

upstream of 1,300 ft altitude, respectively (table 2, fig.
15L). Between 1,300 ft and 620 ft, the stream gains an
average of 0.79 Mgal/d. A regression plot of the esti-
mated base flow, obtained the same way that was dis-
cussed earlier for Honopou Stream, also shows alinear
relation (fig. 18). Becausetheregressionlinehasaslope
greater than 1.0, the stream has anet gain of water
between each gaging station. The scatter of the data
points around the regression line shows that the base-
flow distribution along the stream is variable. Concur-
rent streamflow records on 2 different days show the
expected pattern of gains upstream and between the
three gaging stations but the actual values vary signifi-
cantly (table 16).

In the West Wailuanui Stream water budget
(Shade, 1999) of the 1.92-mi? area upstream of gaging
station 5190, 16.22 Mgal/d of rainfall and 4.18 Mgal/d
of fog drip is apportioned into 7.27 Mgal/d of runoff,
2.93 Mgal/d of evapotranspiration, and 10.20 Mgal/d of
recharge (table 1, fig. 6). For East Wailuanui Stream,
the area upstream of gaging station 5200 is smaller,
only 0.51 mi2, hence rainfall (7.10 Mgal/d), fog drip
(1.29 Mgal/d), runoff (4.07 Mgal/d), evapotranspiration
(0.85 Mgal/d), and recharge (3.47 Mgal/d) are smaller.
But as with the water-budget components for Hoolawa
Stream, the base flow as a percentage of recharge to
each subbasin isunequal; 22 percent in West Wailuanui
and 48 percent in East Wailuanui (table 1). Again, this
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Regression equation: B2 = (1.1550)(B1) + 0.1018

4.5 - B2 =estimated base flow at gaging station 5210, in Mgal/d -
B1 = estimated combined base flow at gaging stations 5190 and 5200, in Mgal/d

Correlation coefficient = 0.984

4 +  Number of data points = 2,460 —

ESTIMATED BASE FLOW AT STATION 5210,
IN MILLION GALLONS PER DAY

0 | | | | | | | |
0 0.5 1 15 2 2.5 3 3.5 4 4.5

ESTIMATED COMBINED BASE FLOW AT STATIONS 5190 AND 5200,
IN MILLIONS OF GALLONS PER DAY

Figure 18. Relation of estimated base flow and linear regression line for gaging stations on Wailuanui Stream,
northeast Maui, Hawaii

Table 16. Streamflow in Wailuanui Stream, northeast Maui, Hawaii
[ft, feet; Mgal/d, million gallons per day; al datafrom Paulsen (1950); gaging-station number is preceded by 16 and endsin 00]

Cumulative
streamflow
Stream- without
Gaging-station Stream Altitude flow diversion
number name (ft) Date (Mgal/d) (Mgal/d) Comments
5210 Wailuanui 620 714/46 0.30 2.50 Daily mean
2/23/47 0.17 1.15
5190 West Wailuanui 1,268 714146 111 111 Daily mean; upstream from Koolau
2/23/47 0.56 0.56 Ditch diversion
5200 East Wailuanui 1,287 714146 1.09 1.09 Daily mean; upstream from Koolau
2/23/47 0.42 0.42 Ditch diversion
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Table 17. Streamflow and temperature in West Wailuaiki Stream, northeast Maui, Hawaii

[ft, feet; Mgal/d, million gallons per day; °C, degrees Celsius; --, not determined; all atitudes estimated from U.S. Geological Survey topographic
map, Keanae and Nahiku quadrangles; 1962 data from U.S. Geological Survey (undated[a]); 1984 data from Chinn and others (1985); gaging-
station number is preceded by 16 and endsin 00]

Stream- Water
Station Stream Altitude flow temperature
number name (ft) Date (Mgal/d) (°C) Comments
5180 West Wailuaiki 1,343 6/25/62 0.90 -- Daily mean; upstream of Koolau
3/21/84 155 - Ditch diversion
West Wailuaiki 12 West Wailuaiki 2,400 3/21/84 0.92 20.5
West Wailuaiki 13~ West Wailuaiki 2,565 3/21/84 0.45 19.0
West Wailuaiki 14  West Wailuaiki 2,570 3/21/84 0.10 20.5
(east branch)
West Wailuaiki 15 West Wailuaiki 2,570 3/21/84 0.34 -- By subtraction
(west branch)
West Wailuaiki 16 West Wailuaiki 3,040 6/25/62 0.06
(east branch)
West Wailuaiki 17 West Wailuaiki 3,080 6/25/62 0.10
(west branch)

probably indicates that the ground-water divides are
significantly different than the topographic divides used
in the water-budget estimation. Much of the West
Wailuanui Stream drainage subbasin lies directly ups-
lope of the East Wailuanui Stream drainage subbasin
(fig. 3). The combined base flow in both streamsis
about 28 percent of the combined recharge to the two
subbasins.

West and East Wailuaiki Streams

Although these streams do not converge, they are
quitesimilar and hencewill be discussed together inthis
section. Both streams are headed 6.6 mi inland at 6,000
ft dtitude (plate 1). The streams rise steeply from sea
level to 600 ft atitude 0.5 mi from the coast (a gradient
of 1,130 ft/mi) and at this altitude, the valleys are
incised 240 ft bel ow the upland surface. The stream val-
leyslie on Kula Volcanics along much of their length
but Honomanu Basalt can be found as far as 2,000 ft
from the ocean (Stearns and Macdonald, 1942). Stream-
flow is captured by the Koolau Ditch diversion system
at 1,300 ft atitude (table 4).

West Wailuaiki Stream (1921-97) and East
Wailuaiki Stream (1922-58) have never been dry at the
gaging stations (5180, 5170) upstream of the Koolau
Ditch (table 2, plate 1). The average annua gains from
ground water upstream of the gaging stations are about
4.53 and 4.82 Mgal/d, respectively (table 2, fig. 15M).
A streamflow measurement made on June 25, 1962 at

the West Wailuaiki gaging station shows aflow of 0.90
Mgal/d (table 17). About 82 percent of this flow was
gained downstream of 3,000 ft altitude where a set of
measurementswere made on two stream branches (U.S.
Geological Survey, 1962). Measurements made March
21,1984 on a shorter stream section show that 72 per-
cent of the flow at the gaging station was gained down-
stream of 2,565 ft altitude and the largest gains were
between 2,565 ft and 2,400 ft altitude (Chinn, Tateishi,
and Y ee, 1985). Measurements made in March 1928 by
EMI personnel at 500 ft altitude in both West and East
Wailuaiki Streams show gains of 0.5 and 0.2 Mgal/d,
respectively, downstream of 1,300 ft altitude (table 10).

The area upstream of gaging station 5180 is 3.67
mi? and in the water budget, 33.11 Mgal/d of rainfall
and 9.28 Mgal/d of fog drip is apportioned into 18.75
Magal/d of runoff, 5.05 Mgal/d of evapotranspiration,
and 18.59 Mgal/d of recharge (table 1, fig. 6) (Shade,
1999). The estimated base flow at the gaging station is
about 25 percent of the recharge to the subbasin. The
results for the 3.11-mi? subbasin upstream of gaging
station 5170 are similar; 30.20 Mgal/d of rainfall, 8.46
Magal/d of fog drip, 14.90 Mgal/d of runoff, 4.33Mgal/d
of evapotranspiration, and 19.43 Mgal/d of recharge
(table 1, fig. 6). Although this subbasin receives less
total precipitation, it receives slightly more recharge
because less runoff and evapotranspiration occur. The
base flow for the East Wailuaiki Stream subbasin is
about 25 percent of the estimated recharge.
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Kopiliula Stream

Kopiliula Stream is headed at 7,800 ft altitude and
7.2 mi inland (plate 1). The stream rises steeply from
sealevel to 600 ft atitude 0.6 mi from the coast (agra-
dient of 930 ft/mi) and at this altitude the stream valley
isincised 200 ft below the upland surface. A tributary,
Puakaa Stream, branchesto the east at 60 ft altitude and
the stream lies on Honomanu Basalt for 2,000 ft from
the coast and then on Kula and Hana Vol canics farther
upstream (Stearns and Macdonald, 1942). Streamflow
is captured by the Koolau Ditch at 1,300 ft altitude
(table 4).

The minimum flow measured in Kopiliula Stream
was 0.58 Mgal/d for 1921-58 at gaging station 5160
whichisupstream of the Koolau Ditch (table 2, plate 1).
Estimates of base flow indicate that the average annual
gains from ground water upstream of the diversion are
4.18 Mgal/d (table 2, fig. 15N). EMI records indicate
that the stream was dry at 500 ft atitude in March 1928
(table 10). Streamflow on the same day in Puakaa
Stream was 0.4 Mgal/d. Apparently the water table had
dropped below the base of Kopiliula Stream at the time
of this measurement or el se flow was within sediments
on the stream bottom.

The 3.91-mi areaupstream of gaging station 5160
isthe largest drainage subbasin for which awater bud-
get was estimated (Shade, 1999). Shade estimated that
31.96 Mgal/d of rainfall and 8.69 Mgal/d of fog dripis
apportionedinto 13.87 Mgal/d of runoff, 5.50 Mgal/d of
evapotranspiration, and 21.27 Mgal/d of recharge (table
1, fig. 6). The estimated base flow at the gaging station
is about 20 percent of the recharge to the subbasin.

Waiohue Stream

Waiohue Stream is arelatively short stream
headed 2.5 mi inland at 2,400 ft atitude (plate 1). The
stream rises steeply from sealevel to 600 ft altitude 0.5
mi from the coast (agradient of 1,320 ft/mi) and at this
altitude the stream valley isincised 260 ft below the
upland surface. The stream lies on Honomanu Basalt at
the coast and Kula Vol canics farther upstream, but it
appears that lava flows of the Hana V olcanics came
down the valley and reached the ocean (Stearns and
Macdonald, 1942). The Waiohue Stream valley is near
thewestern boundary of the extensive areaof HanaVol-
canicsthat cover most of the volcano surface for many

milesto the east (fig. 6). Streamflow is diverted by the
Koolau Ditch at 1,300 ft altitude (table 4).

The lowest daily streamflow measured during
1921-63 at gaging station 5150, at 1,316 ft atitude, was
1.36 Mgal/d (table 2, plate 1). The estimated average
annual base flow for the 40-year period of record is
about 3.57 Mgal/d (table 2, fig. 150). EMI recordsindi-
catethat theflow at about 500 ft altitudewas 0.4 Mgal/d
inMarch 1928 (table 10). Thisvaluerepresentsthegain
in flow downstream of the diversion system which isat
1,300 ft altitude.

The drainage subbasin of Waiohue Stream
upstream of the gaging station isthe smallest usedin the
water-budget estimates, 0.52 mi? (Shade, 1999). In this
area, 7.25Mgal/d of rainfall and 1.49 Mgal/d of fog drip
is apportioned into 3.91 Mgal/d of runoff, 0.87 Mgal/d
of evapotranspiration, and 3.96 Mgal/d of recharge
(table 1, fig. 6). The estimated base flow at the gaging
station is about 90 percent of the recharge to the subba-
sin. This subbasin is another example where the
surface-drainage divides probably do not coincide with
the ground-water divides. If the base flow and recharge
for Waiohue Stream subbasin are combined with the
base flow and recharge for Kopiliula Stream subbasin
which lies directly upstream (fig. 3), the ratio of base
flow to recharge becomes 31 percent. Thisvalueis
much more consistent with values for the adjacent
Wailuaiki and Wailuanui Stream subbasins.

Paakea and Waiaaka Streams

Paakea Stream is headed at 1,800 ft altitude 1.7 mi
inland from the coast (plate 1). Waiaaka Streamisshort,
0.9 mi long, and heads at 1,400 ft altitude. Both streams
rise from sealevel to 600 ft altitude 0.5 mi from the
coast (agradient of 1,320 ft/mi) and both valleys are
incised 260 ft below the upland surface at this altitude.
Both stream valleys lie on lava flows of the Hana Vol-
canicsaong their entire lengths except for asmall expo-
sure of Honomanu Basalt near the coast in Waiaaka
Stream valley (Stearns and Macdonald, 1942). Numer-
ous springs have been mapped al ong both streams (plate
1). All base flow in both streams is captured by the
Koolau Ditch at 1,300 ft (table 4).

During 193247, these streams and Kapaula and
Hanawi Streams to the east were gaged at altitudes
ranging from 500 to 650 ft to determine the feasibility
of extending one of the lower altitude ditches from the
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west to capture water gained downstream from the
Koolau Ditch (Takasaki and Y amanaga, 1970). On
Paakea Stream, gaging station 5140, at 650 ft altitude,
measured a minimum daily flow of about 1.29 Mgal/d
(table 2, plate 1). The estimated average annual base
flow at thisgaging stationisabout 2.53 Mgal/d (table 2,
fig. 15P). The minimum daily flow measured at gaging
station 5130 on Waiaaka Stream was about 0.29 Mgal/d
and the estimated average annual base flow is 0.53
Mgal/d (table 2, fig. 15P). No water budgets were cal-
culated for either stream subbasin.

Kapaula Stream

Kapaula Stream is headed at 2,400 ft altitude 1.7
mi inland from the coast (plate 1). This stream has a
similar gradient (1,320 ft/mi) and stream-valley inci-
sion depth (260 ft) as Paakea and Waiaaka Streamsto
thewest and liesentirely on lavaflows of the HanaVol-
canics (Stearns and Macdonald, 1942). Streamflow is
diverted by the Koolau Ditch at about 1,300 ft altitude
(table 4).

Two gaging stations were operated on Kapaula
Stream, gaging station 5100 upstream of the Koolau
Ditch and gaging station 5110 downstream at 540 ft alti-
tude (plate 1). The estimated average annual base flow
at the upstream gaging station is 2.34 Mgal/d and the
lowest daily flow measured was 0.19 Mgal/d (table 2,
fig. 15Q). At the downstream gaging station, the aver-
age annual baseflow isestimated to be 1.68 Mgal/d and
thelowest daily flow measured was 1.10 Mgal/d. All of
thisflow is gained in the 4,000 ft downstream of the
Koolau Ditch. A regression plot of the estimated base
flow, obtained the same way that was discussed earlier
for Honopou Stream, also shows alinear relation (fig.
19). Becausetheregression line has aslope greater than
1.0the stream has anet gain of water between each gag-
ing station. The scatter of the data points around the
regression line shows that the base-flow distribution
along the stream is variable. Concurrent streamflow
records on two different days show the expected pattern
of gains between the two gaging stations but the actual
values vary somewhat (table 18). A water budget was
not calculated for this stream subbasin.

Hanawi Stream

TheHanawi Stream basin has been eval uated more
thoroughly than any of the other subbasins in the study
area(Meyer, in press). The stream is headed at 7,400 ft

atitude 6.8 mi inland (plate 1). The stream rises steeply
from sealevel to 600 ft altitude 0.8 mi from the coast (a
gradient of 770 ft/mi) and at this altitude the stream val -
ley isincised 240 ft below the upland surface. The
stream has eroded into the Honomanu Basalt for 2,000
ft from the coast and in Kula Vol canicsto 5,000 ft from
the coast (Stearns and Macdonald, 1942) The contact
between the two geologic units has been arbitrarily
located because in the Nahiku area, the exposed rocks
of the Honomanu Basalt are petrographically transi-
tional to the overlying KulaV olcanicsand are morelike
the Kula Vol canics than the typical rocks of the Hono-
manu Basalt (Stearns and Macdonald, 1942). Hana Vol -
canicsarefound further upstream. Baseflow isdiverted
by the Koolau Ditch at about 1,300 ft altitude (table 4).

Two surface-water gaging stations have been oper-
ated on Hanawi Stream by the USGS (table 2, plate 1).
The upstream gaging station (5080), that records flow
upstream of the Koolau Ditch, had a minimum flow of
0.58 Mgal/d and an average annual base flow of 3.66
Mgal/d (table 2, fig. 15R). The downstream gaging sta-
tion (5090) records streamflow at 500 ft altitude.
Streamflow at thisaltitudeincludeswater discharging at
Big Springs, and Hanawi Springs 1 and 2 (plate 1). The
lowest recorded streamflow during the 17 yearsthat the
gaging station was operated was 8.21 Mgal/d (table 2).
The estimate of average annual base flow is by far the
largest in the study area, about 12.99 Mgal/d. All of this
base flow is gained between the Koolau Ditch at 1,300
ft atitude and the gaging station at 500 ft altitude.

Independent sets of streamflow measurements
were made five times, twice as part of this study (table
19). The measurements show flow during extended dry
periods as high as 2,120 ft altitude in the stream chan-
nel. On the days of measurement, flow at the upstream
gaging station ranged from about 1 to 6 Mgal/d.
Between 1,300 ft and 1,000 ft altitude, the stream had
small gains (1 Mgal/d) and then gained substantially (6
to 7 Mgal/d) downstream to 620 ft altitude. Between
620 ft and 550 ft altitude, additional gainsof 4to 8
Mgal/d were measured. Downstream to about 50 ft alti-
tude, an additional 1to 2 Mgal/d of flow wasgained, but
two sections that lost flow were measured in this reach.
Between 420 ft and 190 ft atitude, the streamflow
decreased by about 6 percent and between 120 ft and 50
ft altitude streamflow decreased by about 2 percent. The
downstream measurement site for each respective
stream section was considered only fair by the USGS
personnel making the measurements because the
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4.5

ESTIMATED BASE FLOW AT STATION 5210,
IN MILLION GALLONS PER DAY

Regression equation: B2 = (1.1550)(B1) + 0.1018

— B2 =estimated base flow at gaging station 5210, in Mgal/d -
B1 = estimated combined base flow at gaging stations 5190 and 5200, in Mgal/d
Correlation coefficient = 0.984

—  Number of data points = 2,460 —

| | | | | | | |
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ESTIMATED COMBINED BASE FLOW AT STATIONS 5190 AND 5200,
IN MILLIONS OF GALLONS PER DAY

Figure 19. Relation of estimated base flow and linear regression line for gaging stations on Kapaula Stream,
northeast Maui, Hawaii

Table 18. Streamflow in Kapaula Stream, northeast Maui, Hawaii
[ft, feet; Mgal/d, million gallons per day; all datafrom Paulsen (1950); gaging-station number is preceded by 16 and endsin 00]

Cumulative
streamflow
without
Gaging-station Stream Altitude Streamflow diversion
number name (ft) Date (Mgal/d) (Mgal/d) Comments
5100 Kapaula 540 9/11/46 1.20 2.17 Daily mean
2124147 1.20 1.97
5110 Kapaula 1,346 9/11/46 0.97 0.97 Daily mean; upstream of
2/24/47 0.77 0.77 Koolau Ditch diversion
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Table 19. Streamflow, temperature, and specific conductance in Hanawi Stream, northeast Maui, Hawaii
[ft, feet; Mgal/d, million gallons per day; °C, degrees Celsius; uS/cm, microsiemens per centimeter; --, not determined; <, less than; altitudes estimated from
U.S. Geological Survey topographic map, Nahiku quadrangle; 1974 and 1975 datafrom U.S. Geologica Survey (1976); 1985 data from Chinn and others

(1986); 1994 daily-discharge data from Matsuoka and others (1995); 1995 daily-discharge data from Fontaine and others (1997); all other datais unpublished
infiles of U.S. Geologica Survey, Hawaii District office; gaging-station number is preceded by 16 and ends in 00]

Cumulative
streamflow Water
Stream- withoutdiversion, Water specific
Station Stream Altitude flow July 26, 1994 temperature conductance
number name (ft) Date (Mgal/d) (Mgal/d) (°C) (uS/cm) Comments
Hanawi 6 Hanawi 50 7/26/94 -- 19.62 -- --
2/22/95 14.61 - 17.6 198
Hanawi 8 Hanawi 120 10/9/74 12.28 - -- --
521175 14.22 - -- --
726194 - 200 - -
2/22/95 14.93 - 189 197
Hanawi 10 Hanawi 190 7/26/94 - 17.6% -- --
2/22/95 12.54 - 19.2 181
Hanawi 13 Hanawi 420 10/9/74 11.63 - -- --
5/22/75 12.3 - - -
7/26/94 - 18.4% - -
2/22/95 134 - - -
5090 Hanawi 550 10/9/74 9.0 -- -- - Daily mean at gaging
5/22/75 10.3 -- - - Station
w4 116 - - -
7/26/94 12.7 17.8 -- -
2/22/95 12.8 - - -
Hanawi 23 Hanawi 620 11/2/84 9.7 - -- --
7/26/94 75 12.7 -- -
2/22/95 7.4 - - -
Hanawi 27a Hanawi 920 521175 0.36 - -- -
Hanawi 27 Hanawi 1,020 7/26/94 12 6.3 21.0 40.0
2/22/95 0.52 -- 194 48.7
Hanawi 29 Hanawi 1,130 7/26/94 0.78 59 21.3 40.0
5080 Hanawi 1,318 10/9/74 0.97 - -- -- Daily mean at gaging
5/21/75 3.0 - -- - station; upstream of
11/2/84 0.71 - - - Koolau Ditch diver-
7/26/94 5.2 5.2 - - son
7128/94 ?g - - -
2/22/95 ) - - -
Hanawi 38 Hanawi 2,240 7/28/94 18 18 -- - Downstream of conflu-
ence with tributary
Hanawi 40 Hanawi 2,280 7/28/94 0.56 0.56 -- --
(east
unnamed
tributary)
Hanawi 45 Hanawi 3,500 7/28/94 0.02 0.02 20.9 16
(west branch)
Hanawi 46 Hanawi 3,580 7/28/94 <0.01 <0.01 19.5 15
(west branch)
Hanawi 48 Hanawi 3,550 7/28/94 0.06 0.06 214 17
(east branch)
Hanawi 51 Hanawi 4,100 7/128/94 0.01 0.01 185 12
(west branch)

@ Estimated on the basis of February 22, 1995 measurements
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Note: Values for ground-water discharge below the lower gage are
based on discharge measurements made in Hanawi Sreamin 1975

Figure 20. Distribution of mean annual ground-water recharge, discharge, and movement within the Hanawi Stream
drainage basin, northeast Maui, Hawaii (modified from William Meyer, U.S. Geological Survey, written commun, 1998).

streambed consisted of cobbly alluvium that probably
allowed apart of the streamflow to bypass the measure-
ment site (R.A. Fontaine, USGS, oral commun., 1998).
Therefore, the apparent |loss of streamflow in these sec-
tionsis probably not related to actual ground-water/
surface-water interaction but may instead be attributed
to thedifficulty in measuring all of the water flowing in
the stream channel. The total flow in Hanawi Stream on
July 26, 1994 was estimated to be 19.6 Mgal/d, all of
which is assumed to be base flow (table 19).

A water budget for the entire Hanawi Stream
drainage basin to the coast has been estimated (Shade,
1999). Water-budget estimates for the other stream sub-
basinsin the study areaincluded only the areaupstream
of the upstream gaging station on each respective
stream. Total recharge to the basin was estimated to be
38.1 Mgal/d, 61 percent of which discharges into the
stream or the Koolau Ditch crossing the basin (fig. 20);

the remaining 39 percent dischargesto the ocean. Sixty-
two percent of the ground-water dischargeto the stream
is estimated to be between the atitudes of 1,300 ft and
550 ft where the stream channel is the most deeply
incised.

Makapipi Stream

The Makapipi Stream drainage basin lies on the
eastern end of the study area and is headed at 1,900 ft
atitude4 mi inland fromthe coast (plate 1). Thisstream
rises from sealevel to 600 ft 0.9 mi from the coast (a
gradient of 630 ft/mi) and the valley isincised only 50
ft below the upland surface at this altitude. The stream
lies on rocks of the Hana Volcanics along its entire
length (Stearns and Macdonald, 1942). Streamflow is
diverted by the Koolau Ditch at about 1,300 ft altitude
(table 4).
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Three gaging stations were operated in the
M akapipi Stream drainage basin, oneat 1,300 ft altitude
(5060, table 3) measuring water flowing from water
devel opment tunnelsinto the Koolau Ditch, one for
Makapipi Spring at 1,150 ft atitude (5065), and one at
920 ft atitude (5070) downstream of the Koolau Ditch
(table 2, plate 1). The average annual flow at gaging sta-
tion 5060 during 194965 was2.87 Mgal/d, all of which
isassumed to be ground-water discharge. Ground-water
discharge at gaging station 5065 averaged about 0.67
Magal/d during 1932—45 but the spring occasionally
went dry during dry weather. The estimated base flow
at gaging station 5070 is about 1.96 Mgal/d and the
stream has gone dry at this altitude during 1932-45
indicating that the stream is not perennia between the
Koolau Ditch and this gaging station (table 2, fig. 15S).
A water budget was not calculated for this stream basin.

SUMMARY AND CONCLUSIONS

Thestudy arealieson the northern flank of the East
Maui Volcano (Haleakal a) and covers about 129 square
miles between the drainage basins of Maliko Gulch to
the west and Makapipi Stream to the east. The topogra-
phy is gently sloping except for the steep sides of
gulches and valleys that have been eroded by the
numerous streams. Most of the study areais made up of
forest reserves; rain forests densely cover theintermedi-
ate-altitude slopesto about 7,000 ft and small townsand
farms can be found at low altitudes along the coast.

Three geologic units are found in the study area:
the main shield-building-stage Honomanu Basalt,
formed mainly by thick accumulations of thin lava
flows, the post-shiel d-stage Kula Vol canics, which con-
sist mainly of lavaflowsthat are many tensto hundreds
of feet thick, and therejuvenated-stage Hana Vol canics,
which consist mainly of aaflows of several feet thick to
several hundred feet thick where the flows were con-
tained within the walls of previously eroded valleys.

The hydraulic conductivity of the Honomanu
Basdlt is estimated to be several thousand feet per day
in the western part of the study area and less than one
foot per day in the eastern part. No hydraulic conductiv-
ity estimates are available for the Kula or Hana Volca-
nics but the specific capacity estimates for wellsin the
KulaVolcanics are about four orders of magnitude less

than average of specific capacity estimates for wells
open to the Honomanu Basalt.

About 989 Mgal/d of rainfall and 176 Mgal/d of
fog drip enters the study area with the highest rates
between 2,000 and 6,000 ft altitude. Of the total precip-
itation, about 529 Mgal/d enters the ground-water sys-
tem as recharge. Average annual ground-water
withdrawal fromwellsisonly about 3 Mgal/d; proposed
additional withdrawalsin the Haiku areatotal about 18
Mgal/d. Tunnels and ditches in the eastern part of the
study arearemove at least 10 Mgal/d from the ground-
water system.

The drainage pattern of the stream valleys on east
Maui isradial and the streamsin the study areadrain to
the north. Streamflow consists of runoff, base flow, and
in some cases, flow added to streams from the network
of irrigation ditchesthat crossthe study area. Only five
streamswhere flow isrecorded by USGS surface-water
gaging stations have gone dry during the respective
period of records for each site. Three of thesefive sites
are at altitudes higher than 2,800 ft and the other two are
on the most western stream of the study area. Streams
continue to flow during periods of very low rainfall
indicating that a significant ground-water source exists
upstream of the gaging stations.

Thetotal amount of average annual streamflow in
the gaged stream subbasins upstream of 1,300 ft altitude
is about 255 Mgal/d and the total amount of average
annual base flow isabout 62 Mgal/d. Six major surface-
water diversion systemsin the study area have diverted
an average of 163 Mgal/d of streamflow (most of which
is base flow) for irrigation and domestic supply in cen-
tral Maui during 1925-97.

Fresh ground water isfound intwo mainforms: (1)
asahigh-elevation saturated zonein relatively low-per-
meability geologic layers above an unsaturated zone,
and (2) asafreshwater-lens system underlain by denser
saltwater. West of Keanae Valley, ground-water flow
appearsto be dominated by avariably saturated system.
A saturated zonein the upper rock unit, the KulaVolca-
nics, is separated from a freshwater lens near sealevel
by an unsaturated zone in the underlying Honomanu
Basalt. East of Keanae Valley, the ground-water system
appearsto be afreshwater-lens system that is fully sat-
urated above sealevel to atitudes greater than 2,000 ft.
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Thefreshwater-lens systemisin direct connection with
the underlying saltwater.

West of Keanae Valley, water levels measured in
shallow wellsindicatethat awater tableliesseveral tens
of feet below the ground surface and represents the top
of asaturated zone in the thick lava flows and interbed-
ded soils of the Kula Volcanics. This water-table sur-
face mimics a subdued version of topography. Ground
water discharges where streams have incised into the
high-elevation water table. The streams commonly are
flowing al the way to the ocean where stream valleys
lie on KulaVolcanics al the way to the ocean.

West of Keanae Valley, the rocks beneath the con-
tact between the Kula Vol canics and the underlying
Honomanu Basalt, and abovethe freshwater lens appear
to be unsaturated because (1) stream channelsincised
into the Honomanu Basalt are dry or lose streamflow
during base-flow conditions, (2) the hydraulic conduc-
tivity of the Honomanu Basalt is too high to support a
thick ground-water lens with the estimated recharge to
the study area, (3) small springs are commonly found
along seacliffsat the base of the Kula Vol canics but no
springs have been observed lower in the Honomanu
Basdlt, and (4) wells that penetrate through the contact
have encountered conditions of cascading water from
above the contact and dry lavatubes in the Honomanu
Basalt.

Thesurfaceof thefreshwater lensinthe Haiku area
forms a hydraulic gradient of about 3 ft/mi inland. The
source of freshwater in the lens is ground-water
recharge from overlying high-elevation saturated zones
and rainfall infiltration. Fresh ground water flows from
theinland areas to the coast where it discharges at
springs and by diffuse seepage at and below sea level.
No wellsin the study area are known to penetrate the
transition zone or underlying saltwater. The existence
of afreshwater lensin the entire study areawest of
Keanae Valley isinferred from the pattern of losing
stream sections where surface water flows from the
Kula V olcanics onto the Honomanu Basalt.

All of the base flow measured in the study area
west of Keanae Valley was at stream sites in the Kula
Volcanics and therefore represents ground-water dis-
chargefrom the high-elevation saturated zone. Thetotal
average annua streamflow of these gaged streamsis
about 140 Mgal/d at 1,200 ft to 1,300 ft altitude. It isnot
possibleto estimate thetotal average annual streamflow

at the coast. Perennial streamflow has been measured at
atitudes greater than 3,000 ft in several of the streams
(Kailua, Waikamoi, and Honomanu Streams). Dis-
charge from the high-elevation saturated zone is persis-
tent even during periods of little rainfall. The total flow
of the gaged streams west of Keanae Valley was about
6.7 Mgal after thedriest period onrecordinthearea. All
of thisflow was measured above about 1,200 ft altitude.

Total average daily ground-water discharge from
the high-elevation saturated zone upstream of 1,200 ft
atitude is greater than 38 Mgal/d, all of which is even-
tually removed from the streams by surface-water
diversion systems. Estimates of average annual base
flow in gaged subbasins west of Keanae Valley range
from about 0.05 to 6.9 Mgal/d. Base flow in five subba-
sins for which awater budget was estimated averages
about 39 percent of the recharge to these same subba-
sins.

In and east of Keanae Valley, therocks are fully
saturated from sealevel to greater than 2,000 ft altitude.
The saturated zone extends from the Honomanu Basalt
at sealevel up through the Kula Vol canics and into the
HanaVolcanics. Streams intersect the vertically exten-
sive freshwater-lens system and are perennial down-
stream of about 2,100 ft altitude. These streams
continue to gain water from all three rock units as they
descend in dltitudeto sealevel. The water-table surface
mimics topography and slopes away from the coast at
about 800 ft/mi. The nature of thetransition from avari-
ably saturated system to the west of Keanae Valley to a
fully saturated freshwater-lens system east of Keanae
Valley isunknown. Stream valleys west of Makapipi
Spring are not incised deeply enough to intercept the
water table and therefore, they do not contain persistent
base flow.

Thetotal average annual streamflow of the gaged
streamsisabout 109 Mgal/d at about 1,300 ft altitude. It
is not possible to estimate the total average annual
streamflow at the coast and no streamflow-gaging sta-
tions were operated at higher atitudes. Two streams
(West Wailuaiki and Hanawi) were flowing during low-
flow conditions at altitudes greater than 3,000 ft during
field visits. All of the base flow measured east of
Keanae Valley represents ground-water discharge from
the vertically extensive freshwater-lens system. Total
average daily ground-water discharge to gaged streams
upstream of 1,200 ft atitude is about 27 Mgal/d. Base
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flow in five gaged subbasins averages about 27 percent
of the recharge to these same subbasins. About 19
Mgal/d of ground water discharges through the Kula
and Hana V ol cani cs between about 500 ft and 1,300 ft
atitude in the gaged stream subbasins. Of this 19
Mgal/d, about 13 Mgal/d is measured in Hanawi
Stream. The total ground-water discharge above 500 ft
dtitude in this part of the study areais greater than 56
Mgal/d.

REFERENCES CITED

Belt, Collins, and Associates, 1984, Study of surface water
development for Maui Up-country water systems: report
prepared for the Department of Water Supply, Maui
County, 55 p.

Chen, C.-Y ., Frey, F.A., Garcia, M.O., Dalrymple, G.B., and
Hart, S.R., 1991, Thetholeiiteto alkalic basalt transition
at Haleakala VVolcano, Maui, Hawaii: Contributions to
Mineralogy and Petrology, v. 106, p. 183-200.

Chinn, S.S,, Tateishi, G.A., and Yee, J.J.S., 1985, Water
resources data, Hawaii and other Pacific areas, water
year 1984, vol. 1, Hawaii: U.S. Geological Survey
Water-Data Report HI-84-1, 287 p.

Chinn, S.S,, Tateishi, G.A., and Yee, J.J.S., 1986, Water
resources data, Hawaii and other Pacific areas, water
year 1985, vol. 1, Hawaii: U.S. Geological Survey
Water-Data Report HI-85-1, 302 p.

County of Maui Department of Water Supply, 1992, East
Maui water development plan September 1992:
Wailuku, Hawaii, 34 p. plus appendixes.

Department of Land and Natural Resources, 1991, Ground
water index and summary, February 5, 1991: Honolulu,
Hawaii, State of Hawaii, variously paged.

Economic Planning and Coordination Authority, 1957, An
inventory of availableinformation onland usein Hawaii,
volume 1: Honolulu, Hawaii, evaluation and recommen-
dations prepared by Harland Bartholomew and Associ-
ates for the Economic Planning and Coordination
Authority of the Territory of Hawaii, 100 p.

Ekern, P.C., 1964, Direct interception of cloud water on
Lanaihale, Hawaii: Soil Science Society of America,

v. 28, no. 3, p. 419-421.

Ekern, P.C., 1983, Measured evaporation in high rainfall
areas, Leeward Koolau Range, Oahu, Hawaii: Honolulu,
Hawaii, University of Hawaii Water Resources Research
Center, Technical Report 156, 60 p.

Ekern, P.C., and Chang, J-H., 1985, Pan evaporation: State of
Hawai'i, 1894-1983: Honolulu, Hawaii, State of
Hawaii, Department of Land and Natural Resources,
Report R74, 172 p.

Fontaine, R.A., 1996, Evaluation of the surface-water quan-
tity, surface-water quality, and rainfall data-collection
programs in Hawaii, 1994: U.S. Geological Survey
Water-Resources Investigations Report 95-4212, 125 p.

Fontaine, R.A., Taogoshi, R.I., Kunishige, V.E., and Shibata,
W.S,, 1997, Water resources data, Hawaii, water year
1995: U.S. Geological Survey Water-Data Report HI-
95-1, 458 p.

Fontaine, R.A., Anthony, S.A., Taogoshi, R.l., Kunishige,
V.E., and Shibata, W.S., 1997, Water resources data,
Hawaii, water year 1996 U.S. Geological Survey Water-
Data Report HI-96-1, 408 p.

Giambelluca, T.W., 1983, Water balance of the Pearl Harbor-
Honolulu Basin, Hawai'i, 1946-1975: Honolulu, Hawaii,
University of Hawaii Water Resources Research Center,
Technical Report 151, 151 p.

Giambelluca, T.W., and Nullet, Dennis, 1991, Influence of
the trade-wind inversion on the climate of aleeward
mountain slope in Hawaii: Climate Research, v. 1,

p. 207-216.

Giambelluca, T.W., Nullet, M.A., and Schroeder, T.A., 1986,
Rainfall atlasof Hawai’i: State of Hawaii, Department of
Land and Natural Resources, Report R76, 267 p.

Gingerich, S.B., 1998, Numerical modelling of vertically
extensive groundwater bodiesin Maui, Hawaii: an ater-
native to perched aquifersin Johnson, A.l., and Fernan-
dez-Jaurequi, C.A., eds., Hydrology inthe Humid Tropic
Environment [Proceedings of asymposium held Novem-
ber 1996, Kingston, Jamaica], International Association
of Hydrological Sciences Publication no. 253, p. 167—
174.

Gingerich, S.B., 1999, Ground water and surface water inthe
Haiku area, east Maui, Hawaii: U.S. Geological Survey
Water-Resources |nvestigations Report 98-4142,
37p.

Grover, N.C., and Carson, M.H., 1935, Surface water supply
of Hawaii, July 1, 1932, to June 30, 1933: U.S. Geologi-
cal Survey Water-Supply Paper 755, 125 p.

Grover, N.C., and Carson, M.H., 1936, Surface water supply
of Hawaii, July 1, 1933, to June 30, 1934: U.S. Geologi-
cal Survey Water-Supply Paper 770, 120 p.

Grover, N.C., and Carson, M.H., 1939, Surface water supply
of Hawaii, July 1, 1936, to June 30, 1937: U.S. Geologi-
cal Survey Water-Supply Paper 835, 112 p.

Grover, N.C., and Larrison, G.K., 1917, Surface water supply
of Hawaii, June 1, 1913, to June 30, 1915: U.S. Geolog-
ical Survey Water-Supply Paper 430, 329 p.

Grover, N.C., and Stewart, J.E., 1924, Surface water supply
of Hawaii, July 1, 1919, to June 30, 1920: U.S. Geologi-
cal Survey Water-Supply Paper 516, 159 p.

Hofmann, J.H., 1934, Haiku-Ukareport, A study of seepage
losses and hydrology of the principa streams: unpub-

64 Ground-Water Occurrence and Contribution to Streamflow, Northeast Maui, Hawaii



lished report in files of U.S. Geological Survey, Water
Resources Division, Hawaii District.

Hunt, C.D., Jr., 1996, Geohydrology of the island of Oahu,
Hawaii: U.S. Geological Survey Professional Paper
1412-B, 54 p.

Izuka, S.K., and Gingerich, S.B., 1998, Estimation of the
depth to the fresh-water/salt-water interface from verti-
cal head gradientsinwellsin coastal and island aquifers:
Hydrogeology Journal, v. 6, no. 3, p. 365-373.

Juvik, J.O., and Nullet, Dennis, 1995, Relationships between
rainfall, cloud-water interception, and canopy through-
fall in aHawaiian montane forest, in Hamilton, L.S,,
Juvik, J.O., and Scatena, F.N., (eds.), Tropical montane
cloud forests: New Y ork, Springer-Verlag, p. 165-182.

Kinoshita, W.T., and Okamura, R.T., 1965, A gravity survey
of theisland of Maui, Hawaii: Pacific Science, v. 19,

p. 341-342.

Langenheim, V.A.M., and Clague, D.A., 1987, The Hawai-
ian-Emperor volcanic chain: stratigraphic framework of
volcanic rocks of the Hawaiian Islands, chap. 1in
Decker, R.W., Wright, T.L., and Stauffer, P.H., eds.,
Volcanism in Hawaii: U.S. Geological Survey Profes-
sional Paper 1350, v. 1, p. 55-84.

Macdonald, G.A., Abbott, A.T., and Peterson, F.L., 1983,
Volcanoesin the sea(2d ed.): Honolulu, Hawaii, Univer-
Sity of Hawaii Press, 517 p.

Martin, W.F., and Pierce, C.H., 1913, Water resources of
Hawaii, 1909-1911: U.S. Geological Survey Water-
Supply Paper 318, 552 p.

Matsuoka, |., Kunishige, V.E., and Lum, M.G., 1995, Water
resources data, Hawaii and other Pacific areas, water
year 1994, U.S. Geological Survey Water-Data Report
HI-94-1, 435 p.

Meinzer, O.E., 1923, Outline of ground-water hydrology:
U.S. Geological Survey Water-Supply Paper 494, 71 p.

Meyer, William, in press, A reevaluation of the occurrence of
ground water in the Nahiku area, east Maui, Hawaii: U.S.
Geological Survey Professional Paper 1618.

Meyer, William, and Souza, W.R., 1995, Factorsthat control
the amount of water that can be diverted to wellsin a
high-level aquifer, in Hermann, Raymond, Back, Will-
iam, Sidle, R.C., and Johnson, A.l., eds., Water
Resources and Environmental Hazards: Emphasis on
Hydrologic and Cultural Insight in the Pacific Rim, Pro-
ceedings of the American Water Resources Association
Annual Summer Symposium, Honolulu, Hawaii, June
25-28, 1995, p. 207-216.

Mink, J.F., and Lau, L.S., 1990, Aquifer identification and
classification for Maui: groundwater protection strategy
for Hawai’i: University of Hawaii Water Resources
Research Center, Technical Report 185, 47 p.

Paulsen, C.G., 1950, Surface water supply of Hawaii, 1946—
47: U.S. Geological Survey Water-Supply Paper 1095,
130 p.

Pierce, C.H., and Larrison, G.K., 1914, Water resources of
Hawaii, 1912: U.S. Geological Survey Water-Supply
Paper 336, 392 p.

Shade, P.J., 1999, Water budget for east Maui, Hawaii: U.S.
Geological Survey Water-Resources Investigations
Report 98-4159, 36 p.

Soil Conservation Service, 1982, Agricultural land usein the
State of Hawaii, idland of Maui, scale 1:?: Fort Worth,
Texas, 1 sheet.

Sorey, M.L., and Colvard, E.M., 1994, Potential effectsof the
Hawaii Geothermal Project on ground-water resources
on theisland of Hawaii: U.S. Geological Survey Water-
Resources Investigations Report 94-4028, 22 p.

Souza, W.R.,and Voss, C.1., 1987, Analysisof an anisotropic
coastal aguifer system using variable-density flow and
solute transport simulation: Journal of Hydrology, v. 92,
p. 17-41.

State of Hawaii, 1990, Water resources protection plan, vol-
umes| and Il, Hawaii water plan: State of Hawaii, Com-
mission on Water Resource Management, variously
paged.

Stearns, H.T., and Macdonald, G.A., 1942, Geology and
ground-water resources of the Island of Maui, Hawaii:
Hawaii Division of Hydrography Bulletin 7, 344 p.

Stearns, H.T., and Macdonald, G.A., 1946, Geology and
ground-water resources of the Island of Hawaii: Hawaii
Division of Hydrography Bulletin 9, 363 p.

Swain, L.A., 1973, Chemical quality of ground water in
Hawaii: State of Hawaii Department of Land and Natural
Resources, Report R48, 54 p.

Takasaki, K.J., 1972, Preliminary report on the water
resources of Central Maui: State of Hawaii Department
of Land and Natural Resources, Circular C62, 59 p.

Takasaki, K.J., and Y amanaga, George, 1970, Preliminary
report on the water resources of northeast Maui: State of
Hawaii Department of Land and Natural Resources, Cir-
cular C60, 41 p.

Takasaki, K.J., and Mink, J.F., 1985, Evaluation of major
dike-impounded ground-water reservoirs, island of
Oahu: U.S. Geological Survey Water-Supply Paper
2217, 77 p.

Territorial Planning Board, 1939, An historicinventory of the
physical, social and economic and industrial resources of
the Territory of Hawaii: Honolulu, Hawaii, 322 p.

University of Hawaii Land Study Bureau, 1967, Detailed
land classification - Iland of Maui: University of
Hawaii, Honolulu, Land Study Bureau Bulletin No. 7,
162 p.

References Cited 65



U.S. Geological Survey, undated[a], Surfacewater records of
Hawaii and other Pacific areas, 1962: U.S. Geologica
Survey, 191 p.

U.S. Geological Survey, undated[b], Surface water records of
Hawaii and other Pacific areas, 1963: U.S. Geologica
Survey, 189 p.

U.S. Geological Survey, 1967, Water resources data for
Hawaii and other Pacific areas, 1966, Part 1. Surface
water records: Honolulu, Hawaii, U.S. Geological Sur-
vey, 261 p.

U.S. Geological Survey, 1969, Water resources data for
Hawaii and other Pacific areas, 1967, Part 1. Surface
water records: Honolulu, Hawaii, U.S. Geological Sur-
vey, 279 p.

U.S. Geological Survey, 1976, Water resources data for
Hawaii and other Pacific areas, water year 1975; U.S.
Geological Survey Water-Data Report HI-75-1, 401 p.

Wahl, K.L., and Wahl, T.L., 1995, Determining the flow of
Comal Springsat New Braunfels, Texas: Proceedings of
Texas Water ‘95, A Component Conference of the First
International Conference on Water Resources Engineer-
ing, American Society of Civil Engineers, August 16—
17, 1995, San Antonio, Tex., p. 77-86.

Y amanaga, George and Huxel, C.J., Jr., 1970, Preliminary
report on the water resources of the Wailuku area, Maui:
State of Hawaii, Department of Land and Natural
Resources Circular C61, 43 p.

66 Ground-Water Occurrence and Contribution to Streamflow, Northeast Maui, Hawaii



TTT - - 000 €0 > €e-266T 900 056'C Wesuis eusendieH youeig paylL  OSES
¥€—2E6T

TTT 960 1% €10 €9°¢ L 9Z-6T6T eu 098'C wesnseusendeH  0ZES

TT€S

10 1% T00 160 T2 19-1V6T 120 (o4 wesnseuzendeH  OTES

90T e 1% 900 LT 6v 79—<€16T JARS €eL'T WesliS NUeWouoH 0225

- - - TO0 290 > €2-266T (0] o} 006'C Wes IS NUBWOUOH youelg yunod 0925

- - - 900 ov'T > €€-2¢6T 0g0 006'C  Weans NUeWoUoH youelg YueAss  0G2S
89-296T
€—2E6T

00T 180 1% 900 228 vT 126161 el 006'C WesJiS NUeWouoH  0172s
1¥—8E6T

S0'T 6.0 € TT0 0.8 0T 9€—2€6T eu 029 wesJis InuenjepM  0T2S
852261

0T'T SoT 1% €10 65'S 8e LT-VT6T 150 /82T Wweans Inuenjep 83 002S
8G-226T

oT'T v2'e 1% 6T°0 €6 1€ LT-€T6T 26T 892'T Wwealis Inuen|e 90 06TS
16-T26T

00T €Sy 1% Z€0 G122 9/ LT-€T6T 19€ eveE'T WeaIs DienjeM SOSM  08TS
8G-226T

oT'T 8 1% ¥8°0 S/ 6T 1€ LT-VT6T TT€ 62E'T wealis Bienjepises  0LTS
8G-TZ6T

OTT 8TV 1% 850 €6°/T o€ LT-V16T 16€ 262'T wesnsejnijdoy 09T

0T 1G€ 1% €T vl 074 €9-T26T 250 9TE'T yoino anyoeM  0STS

60T €5¢ € 62T TV vT 1¥—2E6T €0 059 ynoeaxeed OIS

60T €50 € 620 080 vT 1¥—2E6T (0] o} 059 wealisexeerep 0TS

60T 89T 1% oTT YA A vT 1¥—2E6T eu oS Wwnoeredey  OTTS

0T vee 1% 6T0 TL0T 074 €9-T26T 690 aveE'T Wwinoeredey  00TS
S6—266T

G0'T 6621 € 128 §8'SC LT Ly—2€6T eu 00S Wweans ImeueH  060S

00T 99'¢ 1% 850 ¥5'ST €L S6-T26T oav'e 8TE'T WealsS IMeveH  080S

AN 96'T % 000 859 z1 S—2€6T £6'T 026 weans didexeN 0205

Ut 190 T 000 190 0T Si—2€61 eu 0ST'T Buuds didexe N IS9M S90S

10108} (p/reb) (N) (p/rebi) (prrebi) plooal sisAjeue ui (zlw) () uoleo0| uoneIS laqunu

9leds pJodal  mojpaseq  Jalpweled MOjjwealls  mopweans 9a19|dwod  pasn piodal MO} aseq apniie uonelis

-J0-poliad [fenuue 149 Ajrep 1samo] |fenuue 10 SJIea\ 10 pollad l0} eale uiseq uolels
abelony abelony -abeurelp

Bunngliuo)d

[e1gea1dde 10u “eu ‘pp Ul spue
pue 9T Aq papada.d s sequunu uoles-Huified ‘pauiwieiep ou ‘-- (Uey1 S| ‘> Suoiedo| | o) 60 S! ) ewrweled 49 (S66T ‘UM PUe [uem) Blwered xapul mojj-aseq ‘(49 ‘so|iw asenbs W 194 ‘Ul

IremeH ‘InejA 1Seayliou ‘sweans uo suonels Buibeb Jaiem-soeuns WwoJj uonewlolu| “Z ajgel

Table2 67



G/—G261

¥Z—616T
8T—<€T6T
20T 26’9 S 140 Tcve i) 110161 T9°€ S02'T weass apeyl|llieN 0045
0T -- -- -- q- € 89-9961 700 098°C weals apeyl|iijeN youeig 1M 2699
0T -- -- 000 q- 9 89-€961 110 028 weass apeyl|llieN 1699
20T -- -- 000 6170 > €e-¢E61 0co (0 BN youelg puodes 0699
0T €8T S 0co 06'S € ST-0T6T eu 096 wesliseondoo  0/95
0T 6€0 S 700 VLT /LZ 1/G0E6T 0co S02'T wesliseondoO 0995
G0'T €T'T 14 220 1174% 6g 29-T26T 850 0TE'T pnoeskey 0595
60'T 62T 14 610 8LV ov /G-0T6T L0 8T Weans oy 0LSS
GT'T 8L'€ g 020 vZ'81 0T 220161 eu 0ST'T Wweans lowexeM 0999
.07 20'€ 14 010 1€9T Ge 1G-226T eu ¥62'T Wweals lowexeM 05599
€6—2E6T
€TT G590 14 L00 2L 6 828161 eu 020‘c Wea.lS lowex e/ youeld 1se3  GpeS
vE—CE6T
8C6T6T
€TT S0'T 14 0T0 06'L 0T 8T6T eu 000‘c weas lowexeM  0vsS
- - - 000 - 0 617-GV6T eu 0S¢y weauls lowexeM  0£SS
060 S00 14 000 €eT ST 89-€56T ar'e 187y Wweals lowexeM  82sS
00 14 000 9e0 ST 99-6v6T (0] 04 0S.‘s weans lowexeM  92SS
0T or's 14 00 9€Te 85 T.—€T6T eu 2eeT Wea.ls eoweoyond  0SvS
vE—CE6T
AN 180 14 800 ¥S'€ 0T 86161 S0 008C wea s eowesoyond youelg 1IsM\ - OvS
69—2961
vE—CE6T weans
00T 81’0 14 700 8¢ 14" 16161 87’0 006C eoweXoyond youeid s|ppliN-- 0EYS
€€-286T
€TT T 14 000 21 L /26161 vT0 008°C Wea.1S eowesoyond yduelg 1se3  0Zvs
09€S
G0'T e g 020 0S°0T 2s /9-€T6T eu - weanseusendeH  0GES
SO'T 98'T S €10 S9'6 4] L9—€161 eu ZIS'T wesnseusendeH  09ES
vE'T 14 200 16T Tc 656E6T eu 998'T wesnseusendeH  0SES
TT'T -- -- 000 0co > £€E-CE61 eu 000 wesJis eugendleH youeig sl OVES
10108} (p/rebn) (N) (p/rebin) (p/rebi) piooal sisAjeue ul (zlw) on) uoled0| uonels lagquinu
9leds pJodal  mojpaseq  Jalpweled MOjjwealls  mopweans 9a19|dwod  pasn piodal MO} 8seq apnie uoneis
-J0-poliad [fenuue 149 Ajrep 1samo] |fenuue 10 SJIea\ 10 pollad l0} eale uiseq uolels
abelony abelony -abeurelp

Bunngliuo)d

[e1gea1dde 10u “eu ‘pp Ul spue
pue 9T Aq papada.d si sequunu uoies-fuified ‘pauiwieiep ou -- {Uey1 S| ‘> Suoiedo| | Jo) 60 S! ) ewrweled |49 (S66T ‘UM PUe [uei) Blwered xapul mojj-aseq ‘(49 ‘so|iw asenbs W 194 ‘Ul
panunuod--iremeH ‘Ine 1seaylou ‘swealls uo suonels buibeb Jarem-adepns wody uolewlou| ‘g ajgqel

68 Ground-Water Occurrence and Contribution to Streamflow, Northeast Maui, Hawaii



81Is pJodsl-eited MojJ-mo q

BISBAIOY
60T 650 € 200 70'S 14 L—2E6T eu €8¢ weans nodouoH 0565
60T (0]40] 1% 800 €51 vT 1—2€6T eu Ty weans nodouoH  0£6S
60T 10 1% €00 12T vT Lv—2E6T eu 1SS weans nodouoH  0T6S
00T T S €T0 cre G8 /60161 S9°0 802‘T eweans nodouoH 085
60T ve'e g 610 88" St /S-T16T /S0 Sve'T WweaJis lijliemejooH 0985
v0'T 89¢C S GT0 1) 09 T.-0T6T veT 612'T WeslJIS INnUeme|ooH 0585

-- -- - 10 - 1> €T-C161 eu 00L weslisen|ey 089
9T-€T6T
60T - - ¥'0 162 Z TT-0T6T eu 002'T Wweslls InueQ 0085
8G—616T
8T—<€T6T
60T aTv 1% 100 68'8T ov TT-0T6T 6EC €52'T wesnsen|ey 0.5
880 - - 200 €20 > €€-2€6T 020 080 WweaJiSen|ey youelg YWIN - 09/5
880 - - 800 0.0 > €€-2€6T oT’0 00T’ WwessiSen|ey youelg ywel  05/.G
880 €€0 1% 200 v 8 T.—€96T oTT ov8'e wesnsen|ey  Gy/§
¥€—2E6T
4N 120 S 100 80" (0] 8¢—8T61 80 080°c weslisen|ey  0v.S
20T -- - 920 -- 1> 2161 eu orT'T wesJlis apeyl|llieN  0T.S
10108} (p/reb) (N) (p/rebi) (prrebi) plooal sisAjeue ui (zlw) () uoleo0| uoneIS laqunu
9leds pJodal  mojpaseq  Jalpweled MOjjwealls  mopweans 9a19|dwod  pasn piodal MO} 8seq apnie uoneis
-J0-poliad [fenuue 149 Ajrep 1samo] |fenuue 10 SJIea\ 10 pollad l0} eale uiseq uolels
abelany abelany -abeurelp

Bunngliuo)d

[e1gea1dde 10u “eu ‘pp Ul spue

pue 9T Aq papada.d si sequunu uoies-fuified ‘pauiwieiep ou -- {Uey1 S| ‘> Suoiedo| | Jo) 60 S! ) ewrweled |49 (S66T ‘UM PUe [uei) Blwered xapul mojj-aseq ‘(49 ‘so|iw asenbs W 194 ‘Ul
panunuod--iremeH ‘Ine 1seaylou ‘swealls uo suonels buibeb Jarem-adelns wody uonewlou| g ajgqel

Table2 69



20°55'

20°52'30"

20°50'

20°47'30"

20°45'

U.S. DEPARTMENT OF THE INTERIOR
U.S. GEOLOGICAL SURVEY

156°15'

PREPARED IN COOPERATION WITH THE
COUNTY OF MAUI DEPARTMENT OF WATER SUPPLY
STATE OF HAWAII COMMISSION ON WATER RESOURCE MANAGEMENT
DEPARTMENT OF LAND AND NATURAL RESOURCES

156°12'30" 156°10'

156°7'30"

WATER-RESOURCES INVESTIGATIONS REPORT 99-4090

Measurement sites and stream sections, northeast Maui-PLATE 1
Gingerich, S.B., 1999, Ground-water occurrence and contribution to streamflow, northeast Maui, Hawaii

156°05'

H1

5962

Lower Kula

L
TSR NN

Pipeline

________ ~ .

-

7T
%i kamoi

\ 5526 4

W72

Hosmer Grove

Spring

| )
Haleakala H’Qhwa\J

| N~/

0 1 2 MILES

0 1 2 KILOMETERS

o3
S
O
S
,

W15 7,
/L wie 2
"o JW17

5570 .’

ad
W29a . |5510 ggggc'ﬂta
A,

Ay

%
Akeke 8*Wo 8
Spring /' Wo 9

NS

\.__—".------~

~

22

20

H9
°

Pali Springu

E3
®

5180A

5675 A
5691

West  Branch

o

160

o

158

156°

T T
O Kauai
i f Oahu

Niihau

HAWAII A

; ", Molokai Map

==
Lanai O

Kahoolawe

OC@QO

]

Hawaii

Area
Maui

EXPLANATION

MARSH

STREAM SECTION

DRY

GAINING (dashed where uncertain)

(dashed where uncertain)

LOSING (dashed where uncertain)

BOUNDARY OF STUDY AREA

MEASUREMENT SITE AND NAME

SPRING LOCATION AND NAME

EAST MAUI IRRIGATION, CO., INC. MEASUREMENT SITE

AND MAP DESIGNATION--March, 1928

GAGING STATION AND ABBREVIATED NUMBER--Complete

number is preceded by 16 and ends in 00

CONTINUOUS-RECORD--Active

CONTINUOUS-RECORD--Inactive

LOW-FLOW--Inactive

ABBREVIATIONS

Kl

H

w

P
Ha
K
Hn
Wo
Ww
Hw

Hw. 27a
Hw 27,

Hw 23 /. o

Kailua
Hoolawa
Waikamoi
Puohokamoa
Haipuaena
Kaumahina
Honomanu
Waiokamilo
West Wailuaiki
Hanawi

Hw 6 ~ee
~e) Hw8

Hw 10

H 1§.
W
E23

p)
5090
o Hanawi Spring 2
Hanawi Spring 1
Big Spring

% J

~e N Y J

Makapipi

Sfeam

ek,

Base modified from U.S. Geological Survey
digital data, 1:24,000, 1983, Albers equal area
projection, standard parallels 20°35' and 21°,
central meridian 156°20'

a USGS

science for a changing world

)

R\

by
Stephen B. Gingerich

MAP SHOWING SURFACE-WATER GAGING STATIONS, MEASUREMENT SITES, SPRINGS, AND
DRY, LOSING, AND GAINING SECTIONS OF STREAMS, NORTHEAST MAUI, HAWAII



Gingerich—GROUND-WATER OCCURANCE AND CONTRIBUTION TO STREAMFLOW, NORTHEAST MAUI, HAWAII—WRIR 99-4090

£
<E
W
5

@ Printed on recycled paper



	WRIR99-4090:  Ground-Water Occurrence and Contribution to Streamflow, Northeast Maui, Hawaii
	Prepared in cooperation with the County of Maui Department of Water Supply and State of Hawaii Commission on Water Resource M
	CONTENTS
	Conversion Factors
	Abbreviations


	Ground-Water Occurrence and Contribution to Streamflow, Northeast Maui, Hawaii
	Abstract
	INTRODUCTION
	Purpose and Scope
	Numbering System for Surface-Water Gaging Stations
	Description of Study Area
	Acknowledgments

	GEOLOGIC SETTING
	Extrusive Volcanic Rocks
	Intrusive Volcanic Rocks
	Hydraulic Conductivity

	HYDROLOGIC BUDGET
	Rainfall and Fog Drip
	Evapotranspiration
	Streamflow
	Surface-Water Diversion Systems
	Ground-Water Recharge
	Ground-Water Withdrawal

	CONCEPTUAL MODELS OF GROUND-WATER OCCURRENCE AND MOVEMENT
	West of Keanae Valley
	In and East of Keanae Valley

	BASE FLOW AND HYDROLOGIC BUDGETS FOR INDIVIDUAL STREAM SUBBASINS
	West of Keanae Valley
	Honopou Stream
	Hoolawa Stream
	Kailua Stream
	Nailiilihaele Stream
	Oopuola Stream
	Kaaiea Stream
	Waikamoi Stream
	Puohokamoa Stream
	Haipuaena Stream
	Honomanu Stream

	In and East of Keanae Valley
	Waiokamilo Stream
	Wailuanui Stream
	West and East Wailuaiki Streams
	Kopiliula Stream
	Waiohue Stream
	Paakea and Waiaaka Streams
	Kapaula Stream
	Hanawi Stream
	Makapipi Stream


	SUMMARY AND CONCLUSIONS
	REFERENCES CITED

	FIGURES
	1–4. Maps showing:
	Figure 1. Island of Maui and northeast Maui study area, Hawaii.
	Figure 2. Generalized surficial geology, Maui, Hawaii (modified from Langenheim and Clague, 1987).
	Figure 3. Selected drainage basins and fog area for windward east Maui, Hawaii
	Figure 4. Mean annual rainfall, selected rain gages, and evaporation stations in northeast Maui, Hawaii

	5–7. Graphs showing:
	Figure 5. Annual rainfall at Haleakala Ranger Station, Honomanu Gulch, Paakea, and Kailua rain gages, northeast Maui, Hawaii.
	Figure 6. Average annual water-budget components for selected gaged drainage basins, northeast Maui, Hawaii
	Figure 7. Average annual total diversion-system flow and flow in selected diversion systems for the period 1910-98, northeast Maui, Hawaii.

	8–9. Maps showing:
	Figure 8. Estimated ground-water recharge, northeast Maui, Hawaii
	Figure 9. Selected wells in northeast Maui, Hawaii.

	Figure 10. Annual withdrawal of ground water from selected wells, northeast Maui, Hawaii.
	Figure 11. Diagram illustrating the variably saturated ground-water system west of Keanae Valley, northeast Maui, Hawaii
	Figure 12. Generalized water table and altitude of selected springs, northeast Maui, Hawaii.
	Figure 13. Diagram illustrating the fully saturated ground-water system east of Keanae Valley, northeast Maui, Hawaii
	14–19. Graphs showing:
	Figure 14. Daily rainfall at Paakea (rain gage 350) and daily streamflow at selected gaging stations, December 1, 1952 to January 27, 1953,
	Figure 15. Annual rainfall and estimated average annual baseflow at selected east Maui stream gages, Hawaii.
	Figure 16. Relation of estimated base flow and linear regression for gaging stations on Honopou Stream, northeast Maui, Hawai
	Figure 17. Flow-duration curves showing the percentage of time a given flow was equalled or exceeded at gaging stations 5850 and 5860 on Hoolawa Stream, northeast Maui, Hawaii.
	Figure 18. Relation of estimated base flow and linear regression line for gaging stations on Wailuanui Stream, northeast Maui, Hawaii
	Figure 19. Relation of estimated base flow and linear regression line for gaging stations on Kapaula Stream, northeast Maui, 

	Figure 20. Distribution of mean annual ground-water recharge, discharge, and movement within the Hanawi Stream drainage basin, northeast Maui, Hawaii

	TABLES
	Table 1. Water- budget components for selected gaged stream basins, northeast Maui, Hawaii
	Table 2. Information from surface- water gaging stations on streams, northeast Maui, Hawaii
	Table 3. Information from gaging stations on surface-water diversion systems, northeast Maui, Hawaii
	Table 4. Summary of surface-water diversion influence on selected streams, northeast Maui, Hawaii
	Table 5. Temperature, specific conductance, and chloride concentration at selected springs, northeast Maui, Hawaii
	Table 6. Streamflow in Honopou Stream, northeast Maui, Hawaii
	Table 7. Streamflow, temperature, specific conductance, and chloride concentration in Hoolawa Stream, February 5, 1998, northeast Maui, Hawaii
	Table 8. Streamflow in Kailua Stream, November 2, 1932, northeast Maui, Hawaii
	Table 9. Streamflow in Nailiilihaele Stream, northeast Maui, Hawaii
	Table 10. Streamflow in selected streams, March 16-20, 1928, northeast Maui, Hawaii
	Table 11. Streamflow, temperature, and specific conductance in Waikamoi Stream, northeast Maui, Hawaii
	Table 12. Streamflow in Puohokamoa Stream, northeast Maui, Hawaii
	Table 13. Streamflow in Haipuaena Stream, northeast Maui, Hawaii
	Table 14. Streamflow, temperature, and specific conductance in Honomanu Stream, northeast Maui, Hawaii
	Table 15. Streamflow, temperature, and specific conductance in Waiokamilo Stream, May 11, 1999, northeast Maui, Hawaii
	Table 16. Streamflow in Wailuanui Stream, northeast Maui, Hawaii
	Table 17. Streamflow and temperature in West Wailuaiki Stream, northeast Maui, Hawaii
	Table 18. Streamflow in Kapaula Stream, northeast Maui, Hawaii
	Table 19. Streamflow, temperature, and specific conductance in Hanawi Stream, northeast Maui, Hawaii

	PLATES
	MAP SHOWING SURFACE-WATER GAGING STATIONS, MEASUREMENT SITES, SPRINGS, AND DRY, LOSING, AND GAINING SECTIONS OF STREAMS, NORTHEAST MAUI, HAWAII


